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1. Introduction 
1.1. Asymmetric organocatalysis 
Asymmetric synthesis involves creation of one or more chiral centres from a prochiral 
raw material, using a chiral agent. Nowadays, the synthesis of enantiopure organic 
molecules featuring important biological activity is crucial for pharmaceutical/medicinal 
and agrochemical applications.  
There are three different types of chiral agents that can imprint chirality in reactions. 
The first method relies on chiral auxiliaries, i.e. on enantiopure compounds that are 
temporarily incorporated in a starting substrate to nable an asymmetric transformation. 
The second methodology is based on chiral substrate from a chiral pool source, used to 
afford enantiopure products. The last approach for the construction of enantiopure 
molecules is enantioselective catalysis using chiral catalysts. Until recently, the catalysts 
employed for enantioselective synthesis of organic compounds fell into two general 
categories – transition metal complexes and enzymes.  
In enzymatic catalysis, a prochiral substrate is transformed by an enzyme into a chiral 
product. Enzymes usually achieve high values of enantioselction because they have a 
particular active site that it is created by a specific protein structure; other favourable 
aspects of their use are the very mild operating conditions and the absence of toxicity. 
Drawbacks are the elevated cost of isolated enzymes, and the generally narrow scope of 
enzymatic reactions. 
Metallorganic catalysis employs instead a transition metal with enantiopure organic 
ligands, to carry out an asymmetric reaction. The advantage of this type of approach is a 
usually very low catalyst loading (substrate/catalyst ratio is up to 1.000.000/1) because of 
the very high TON or TOF parameters. The drawbacks re many; the first is that some 
metals have an elevated cost; moreover, metal complexes are often oxygen and moisture 
sensitive, and therefore the reaction solvent must be ultra-dry and oxygen-free. The most 
important drawback is however the elevate cost of the purification of the obtained 
products. Contamination with the sometimes highly toxic metal species must be avoided 
especially when the product is used for pharmaceutial applications. 
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Between the extremes of transition metal catalysis and enzymatic transformations, a 
third approach to the catalytic production of enantiomerically pure organic compounds 
has emerged – organocatalysis.1  
Organocatalysts are purely “organic” molecules, i.e. composed of (mainly) carbon, 
hydrogen, nitrogen, oxygen, sulphur and phosphorous atoms. Organocatalysts have 
several advantages. They are usually robust (organic molecules do not have the problem 
of getting oxidised by air, and they are resistant to water), inexpensive and readily 
available. They do not need to be used in special reaction vessels, so they feature easy 
working procedures. Organocatalysts are generally non-toxic for humans and 
environment and, because of the absence of transitio  metals, organocatalytic methods 
seem to be especially attractive for the preparation of compounds that do not tolerate 
metal contamination, such as pharmaceutical products. 
For all these reasons and for the possible green industrial applications, in the past 
decade organocatalysis has witnessed a very important development that can be noticed 
in the exponential increase in publications numbers. In Figure 1 it is shown the trend 
from 2000 to our days. 
 
Figure 1: Number of publications with keyword “organocatalysis” (SciFinder from 2000 to 2011). 
 
                                                 
1 (a) Asymmetric Organocatalysis, A. Berkessel, H. Gröger, Eds.; Wiley-VCH, Weinheim, 2005; (b) 
Enantioselctive Organocatalysis, P. I. Dalko, Ed.; Wiley-VCH, Weinheim, 2007; (c) P. I. Dalko, L. 
Moisan, Angew. Chem. Int. Ed., 2001, 40, 3726; (d) P. I. Dalko, L. Moisan, Angew. Chem. Int. Ed., 2004, 
43, 5138; (e) Organocatalysis, B. List, Ed. Chem. Rev., 2007, 107, Nr 12; (f) Asymmetric Organocatalysis 
K. N. Houk and B. List, Eds. Acc. Chem. Res., 2004, 37, Nr 8. (g) D. W. C. MacMillan, Nature, 2008, 455, 
304. 
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Unfortunately, there are also some drawbacks in organocatalytic methods, the major 
one being the high catalyst loading, with a typical substrate/catalyst ratio of 100/1 or less. 
This particular aspect prevents easy scale-up and the possible use in industrial settings. 
Organocatalysts are classified in different classes depending on how they activate the 
substrates for the catalytic process. Nowadays, it i  possible to distinguish three main 
areas of activation modes represented in Table 1: 
• covalent catalysis 
• non-covalent catalysis  
• phase-transfer catalysis 
In the covalent approach, the catalyst creates an activated complex characterised by the 
formation of a covalent interaction with the prochiral substrate. 
In this area, three different mechanisms can be identified : 
• enamine catalysis 
• iminium-ion catalysis 
• nucleophilic catalysis 
Enamine catalysis is typical of primary or secondary mines and it is based on the 
formation of an enamine with aldehydes or ketones. α-Amino acids, such as for example 
L-proline and its derivatives, can be used as catalysts. The reversible formation of an 
enamine intermediate with the carbonyl compound activ tes the α-carbon of the starting 
substrate for reaction with electrophiles. 
Iminium-ion catalysis is based instead on the capacity of chiral secondary or primary 
amines to function as enantioselective catalysts for several transformations that 
traditionally employ Lewis acid catalysts. The reversible formation of iminium ions from 
α,β-unsaturated ketones or aldehydes and the amine catalysts activates the double bond 
of the unsaturated carbonyl compound towards nucleophilic attack.  
Nucleophilic catalysis involves a nucleophilic nitrogen, phosphorous, oxygen, sulphur 
or carbon atom for the formation of a covalent bond with a substrate. One of the most 
interesting branches is represented by carbene based catalysts. Deprotonation of e.g. a 
1,2,4-triazole gives an active carbene species, witch reacts with an aldehyde forming the 
so-called Breslow intermediate, that in turn adds to a second electrophile. 
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The second mode of activation is based on weak (non-covalent) interactions between 
catalysts and prochiral substrates. The main interactions are hydrogen-bonding and 
electrostatic. 
To better describe this type of activation, it is useful to divide it according to three 
different mechanisms: 
• hydrogen-bond catalysis 
• Brønsted acid catalysis 
• Brønsted base catalysis 
Hydrogen-bonding is one of the most dominant forces in molecular interaction and 
recognition in biological systems. Hydrogen-bond catalysis uses H-bond donating chiral 
derivatives, e.g. thioureas, to imprint enantioselction. These catalysts form well-defined 
multiple hydrogen-bond interactions with the prochiral substrate. This powerful 
activation mode has become the foundation of a large nd dynamic area of research.  
Brønsted acid catalysis uses highly acidic catalysts to protonate a substrate, which 
results activated for nucleophilic addition. The most efficient catalysts recently 
developed are phosphoric acids derived from chiral binaphtyl scaffolds. They are 
strongly acidic, with pKa around 1 in water. Because of their capacity to activ te 
carbonyl compounds e.g. imines through protonation, a wide range of nucleophiles have 
been demonstrated to participate in asymmetric nucleophilic addition processes. Notably, 
these chiral phosphoric acids can be considered to be bifunctional organocatalysts as, 
besides the acidic OH group, the P=O group can serve as a Lewis base. As demonstrated 
in some cases, both functionalities play a key role in the asymmetric transformation. 
Chiral Brønsted bases are a very useful class of organ catalyst; the activation mode is 
opposite to that of Brønsted acid as they exert their activity mainly activating the 
nucleophilic component through deprotonation. The enantioselction is due to the strong 
ionic interactions between the catalyst and the substrate during the attack to the 
electrophilic partner. Cinchona alkaloids are certainly the most representative members 
of this class of organocatalysts. Also in this case th  presence of a Lewis basic site 
(quinuclidine nitrogen) and of a Lewis acidic site (H-bonding) makes Cinchona alkaloids 
bifunctional catalysts. 
Therefore, both Brønsted acid and bases species are able to mimic one of the 
fundamental enzymatic catalyst competencies: bifunctio ality, that is, the ability of a 
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catalyst to employ Lewis/Brønsted acidic and Lewis/Brønsted basic functionalities 
synergistically to bring about the activation of both the nucleophilic and electrophilic 
components of a reaction simultaneously. A further example is given by Takemoto 
catalyst, represented in Table 1, which joins a basic tertiary amino group (Brønsted base 
catalysis) with a thiourea moiety (H-bond catalysis). Many other modified thiourea 
derivatives belong to this class of organocatalyst.  
A conceptually different activation of organic substrates for asymmetric reactions is 
Phase-Transfer Catalysis (PTC). Phase-transfer catalysis mediated by chiral quaternary 
ammonium salts is based on a unique ion-pair-mediat reaction. The reaction pathway 
involves three main steps: 1) deprotonation of the active compound with a base, which 
generally occurs at the interface between two layers ( ither liquid/liquid or liquid/solid 
phases); 2) extraction of the anion into the bulk organic phase by ion exchange with the 
cation of the chiral quaternary ammonium salt, which forms a lipophilic ion pair; and 3) 
reaction of the ion pair with the electrophilic reag nt followed by the concomitant 
regeneration of the catalyst.  
Among the quaternary ammonium salt catalysts, Cinchona alkaloid derivatives have 
again been shown to be particularly efficient, but recently other types of quaternary salts 
not deriving from the chiral pool have been developd.  
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Table 1: Activation mode in organocatalysis. 
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1.2. Cinchona alkaloids 
Cinchona alkaloids are a large class of compounds extracted from the bark of Cinchona 
ledgeriana (Figura 2).  
 
Figure 2: Cinchona ledgeriana. 
This tree is cultivated above 1400 m in equatorial climatic zones, between Africa, Latin 
America and Indonesia (isle of Java). In Figure 3 are represented the most common 
structures: quinine (QN), quinidine (QD), cinchonidine (CD), cinchonine (CN) with 
their Sigma-Aldrich prize and purity. 
 
Figure 3: The four main Cinchona alkaloids. 
Approximately 700 tons of cinchona alkaloids are extracted annually and nearly half of 
it is used in the food and beverages industry as a bitter additive.2 The other major use of 
these alkaloids, especially quinine and quinidine, d als with medicine since they are 
                                                 
2 (a) D. C. McHale, The Biologist 1986, 33, 45; (b) F. Eiden, Pharmazie in unserer Zeit 1998, 27, 257; (c) 
P. M. Dewick, Medicinal Natural Products, John Wiley & Sons, Chichester, New York, 1997, 335; (d) J. 
Herrmann Pharm. Ztg., 2001, 146, 1486. 
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respectively an anti-malarial drug and a cardiac depressant. The Cinchona alkaloids have 
enjoyed a rich history in science, medicine, and chemistry.3  
Since the development of the concept of organocatalysis in 2000, a great development 
of highly stereoselective reactions involving catalysts derived from Cinchona alkaloids 
occurred.4 For these remarkable results Cinchona alkaloids are nowadays recognised as 
useful chiral scaffolds for the preparation of “privileged catalyst”.5 
The key for their successful use in organocatalysis derives from the easy derivatization 
of the main structure and the presence of different fu ctional groups. The structure of the 
four main Cinchona alkaloids can be divided into three different parts: the quinoline ring, 
the 1,2-amino alcohol subunit and the quinuclidine moiety (Figure 4). 
quinoline ring
1,2 amino alcohol
subunit
bicyclic quinuclidine
moiety
OH
N
H
N
R 6I
 
Figure 4: Structure of Cinchona alkaloids. 
The structure contains five stereogenic centers, including a chiral nitrogen group; since 
it is the 1,2-amino alcohol subunit that is usually responsible for the catalytic activity, the 
enantioselection of the products depends on the configuration of these chiral centers. 
Quinine and quinidine as well cinchonidine and cinchonine present opposite absolute 
configurations at these centres (see Figure 3); for this reason these pairs of 
diastereoisomers often act as enantiomers and are nmed pseudoenantiomers (or 
quasienantiomers). Furthermore, the structure report d in Figure 4 presents two different 
active sites: the tertiary amino group, responsible for base/nucleophilic activation, and 
the secondary alcoholic group, capable of acid/hydrogen-bond activation. 
Concerning functionalization, the structure present different sites for simple selective 
transformations as represented in Figure 5. The secondary 9-hydroxy group can be easily 
                                                 
3 (a) K. Kacprzak, J. Gawronski, Synthesis 2001, 961. (b) For a fascinating account of the history f 
quinine obtained from the Cinchona tree, see: M. Honigsbaun, The Fever Trail: In Search of the Cure for 
Malaria; Picador: New York, 2003. 
4 (a) Cinchona Alkaloids in Synthesis and Catalysis, Ligands, Immobilization and Organocatalysis, C. E. 
Song Ed., WILEY-VCH, Weinheim, 2009; For reviews, see: (b) T. Marcelli, H. Hiemstra, Synthesis, 2010, 
1229. 
5 T. P. Yoon, E. N. Jacobsen, Science, 2003, 299, 1691. 
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derivatised or replaced by different groups, delivering at this position ethers, esters, 
ureas, amides, free amino group moieties and so on. S me of these transformations are 
concomitant with the inversion of configuration at the stereocenter. Also the 6’-methoxy 
group can be readily manipulated giving a free phenolic OH group, or even substituted 
with nitrogen functionalities such as (thio)urea moieties. 
Even more important is the possibility to alkylate th tertiary nitrogen in order to obtain 
a quaternary chiral ammonium salt, valuable as a phse-transfer catalyst.6 Moreover, 
some sites such as the quinuclidinic double bond or the 9-hydroxy group are suitable for 
anchoring the structure to a solid support in order to obtain a heterogeneous catalyst. 
 
Figure 5: Functionalisations on Cinchona Alkaloids. 
 
 
                                                 
6 (a) H. Wynberg, Top. in Stereochem. 1986, 16, 87. (b) T. Ooi, K. Maruoka, Angew. Chem. Int. Ed., 2007, 
46, 4222; (c) M. J. O’Donnell, Acc. Chem. Res. 2004, 37, 506; (d) B. Lygo, B. I. Andrews Acc. Chem. Res. 
2004, 37, 518. 
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1.3. Domino (Cascade) catalysis  
Natural compounds are very important for many applications, for example as 
pharmaceutical and agrochemical products. These compounds have often an elevated 
grade of structural sophistication which gives biological activities. 
The demand for natural compounds is, for these reasons, very high. However, the 
natural sources are often insufficient. A typical example is Taxol, represented in Figure 
6.7 Since its discovery, Taxol has been regarded as one of the most significant advances 
in cancer therapy. Although Taxol’s biological activity profile initially attracted the 
interest of the National Cancer Institute, further evaluation and even clinical trials were 
limited due to a major supply crisis. 
 
Figure 6:Taxol. 
Isolation of Taxol from natural source was impractical since it gave low yields and led 
to ecological destruction of Taxus Brevifolia in old-grown forests. Each tree yielded only 
about 2 Kg of bark and approximately 10 Kg of dried bark were required to obtain 1 g of 
Taxol. As a result, extensive research efforts were initiated to find alternative sources of 
Taxol which included semisynthesis and chemical synthesis. Six independent total 
synthesis of Taxol have been achieved since 1994 as shown in Scheme 1.8 To date, 
                                                 
7 J. Goodman, V. Walsh, In The Story of Taxol: Nature and Politics in the Pursuit of an Anticancer Drug 
Cambridge University Press; New York: 2001; 
8 (a) K. C. Nicolaou, Z. Zang, J. J. Liu, H. Ueno, P. G. Nantermet, R. K. Guy, C. F. Claiborne, J. Renaud, 
E. A. Couladouros, K. Paulvannan, E. J. Sorensen, Nature, 1994, 367; (b) R. A. Holton, H. B. Kim, C. 
Somoza, F. Liang, R. J Biediger, D. Boatman, M. Shindo, C. C. Smith, S. Kim, H. Nadizadeh, Y. Suzuki, 
C. Tao, P.Vu, S. Tang, P. Zhang, K. K. Murthi, L. S. Gentile, J. O. H. Liu, J. Am. Chem. Soc., 1994, 116-
159; (c) S. J. Danishefsky, J. J. Masters, W. B. Young, J. T. Link, L. B. Snyder, T. V. Magee, D. K. Jung, 
R. C. A. Isaacs, W. G. Bornmann, C. A. Alaimo, C. A. Coburn, M. J. Di Grandi, J. Am. Chem. Soc., 1996, 
118, 2843; (d) J. J. Masters, J. T. Link, L. B. Snyder, W. B. Young, S. J. Danishefsky, Angew. Chem. Int. 
Ed., Engl., 1995, 34, 1723; (e) P. A. Wender, N. F. Badham, S. P. Conway, P. E. Floreancig, T. E. Glass, 
C. Granicher, J. B. Houze, J. Janichen, D. Lee, D. G. Marquess, P. L. McGrane, W. Meng, T. P. Mucciaro, 
M. Muhlebach, M. G. Natchus, H. Paulsen, D. B. Rawlins, J. Satkofsky, A. J. Shuker, J. C. Sutton, R. E. 
Taylor, K. Tomooka, J. Am. Chem. Soc., 1997, 119, 2755; (f) P. A. Wender, N. F. Badham, S. P. Conway, 
P. E. Floreancig, T. E. Glass, J. B. Houze, N. E. Krauss, D. Lee, D. G. Marquess, P. L. McGrane, W. 
Meng, M. G. Natchus, A. J. Shuker, J. C. Sutton, R. E. Taylor, J. Am. Chem. Soc., 1997, 119, 2757; (g) H. 
Kusama, R. Hara, S. Kawahara, T. Nishimori, H. Kashima, N. Nakamura, K. Morihira, I. Kuwajima, J.
Am. Chem. Soc., 2000, 122, 3811; (h) K. Morihira, R. Hara, S. Kawahara, T. Nishimori, N. Nakamura, H. 
Kusama, I. Kuwajima, J. Am. Chem. Soc., 1998, 120, 12980; (i) T. Mukaiyama, I. Shiina, H. Iwadare, M.
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Wender’s synthesis of Taxol is the shortest and most efficient, with 37 steps and 0.4% 
overall yield starting from verbenone. It is thus clear how even the most efficient 
synthesis that has been accomplished to date cannot be employed to furnish quantities of 
Taxol on a scale suitable for therapy. 
O
O
OH
O
O
O
O
HO2C
NH2
OH
51 chemicals
steps
41 chemicals
steps
47 chemicals
steps
37 chemicals
steps
47 chemicals
steps
38 chemicals
steps
Nicolau
1994
Holton
1994
Danishefsky
1995
Wender
1997
Kuwajima
1998
Mukaiyama
1999
 
Scheme 1: Chemical synthesis of Taxol by stop-and-go approach. 
Nature has evolved in a million of years and now has reached extraordinary levels of 
efficiency via enzymatic reactions for the construction of the targets. Nature biosynthesis 
in a short time converts simple raw materials in elaborate products with elevated 
selectivity, delivering various types of compounds. The rapidity of the synthesis is due to 
the fact that when an intermediate is produced by an enzymatic reaction, it is rapidly 
converted by another enzyme. The overall transformation is thus a multi-catalytic 
cascade reaction. 
For example, the biosynthesis of Taxol uses a continuous series of 4 cascade sequences 
starting from the universal diterpene precursor geranylgeranyl diphosphate (GGPP) 
Scheme 2.9 
 
Scheme 2: Enzymatic cascade catalysis generating Taxol. 
As described in the Taxol example, man-made procedures are instead stop-and-go or 
step-by-step syntheses, wherein synthesis is conducte  as a stepwise process punctuated 
                                                                                                                                       
Saitoh, T. Nishimura, N. Ohkawa, H. Sakoh, K. Nishimura, Y.-I. Yani, M. Hasegawa, K. Yamada, K. 
Saitoh, Chem. Eur. J., 1999, 5. 
9 B. H. Guo, G. Y. Kai, H. B. Jin, K. X. Tang, Afr. J. Biotechnol., 2006, 5, 15. 
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by the isolation and purification of intermediates at each stage of the sequence. The 
synthesis of natural compounds generally involves an elevated number of steps, for 
example 20-30. As a consequence, the synthetic sequences start with large quantities (kg) 
of substrates, but give the desired products in little amounts, usually in the order of 
milligrams. This approach is obviously not compatible with the construction of natural 
compounds on industrial scale.  
In contrast with the stop-and-go approach, one-pot reactions use a single reaction 
vessel, where a substrate is transformed to the product through multiple sequential 
reactions without the need of intermediate purifications. This approach undoubtedly 
reduces process time and waste production, and it has a clear link to industrial processes, 
for which economic and ecological profitability are the main issues of concern. 
As one of the major hot topics in organic chemistry throughout the past decade, 
asymmetric organocatalysis has introduced new perspectives with regard to the design 
and application of one-pot processes in enantioselective transformations. Marked by its 
robust nature, organocatalysis is probably the most c ndition-tolerant method within the 
modern toolbox of asymmetric catalysis. Furthermore, rganocatalysts are tolerant of 
numerous functional groups and can be employed under mild reaction conditions.  
A domino reaction10 is defined as a reaction involving two or more bond forming 
transformations which take place under the same reaction conditions, without adding 
additional reagents and catalysts, and in which the subsequent reactions result as a 
consequence of the functionality formed by bond formation or fragmentation in the 
previous step. All the transformation is effected by a single catalytic mechanism. Tandem 
(cascade) catalysis is reserved to describe sequential elaboration of the substrate 
transpiring via two (or more) mechanistically distinct catalytic processes. It allows the 
organic synthesis of complex multinuclear molecules from a single acyclic precursor.11 
Organocatalytic cascade12 reactions are emerging as a new tool in total synthesis of 
natural products; the number of publications from 2005 to 2011 has increased year by 
year and the target molecules have become more and more complex.13  
Organocatalytic cascade reactions have been able to expl it various types of activation, 
by combining for example enamine and iminium catalysis (tandem, triple-cascade even 
                                                 
10 (a) L. F. Tietze, U. Beifuss Angew. Chem. Int. Ed. Engl., 1993, 32, 131; (b) L. F. Tietze, Chem. Rev., 
1996, 96, 115. 
11  C. J. Chapman, C. G. Frost Synthesis, 2007, 1.x 
12  (a) A. M. Walji, D. W. C. MacMillan, Synlett, 2007, 1477; (b) C. Grondal, M. Jeanty, D. Enders, Nature 
Chemistry, 2010, 167. 
13 H. Pellissier Adv. Synth. Catal., 2012, 354, 237. 
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quadruple-cascade). An example of combining enamine and iminium catalytic modes is 
given in Scheme 3.14 
 
Scheme 3: Mannich-Michael cascade reaction used in the synthesis of ent-Dihydrocorynantheol. 
 
Nowadays, organocatalytic cascade reactions are not limited to amine catalysts. 
Significant contributions have also been made in the field of hydrogen-bonding and 
Brønsted–acid catalysis, as shown in the example reort d in Scheme 4.15 
                                                 
14 T. Itoh, M. Yokoya, K. Miyauchi, K. Nagata, A. Ohsawa, Org. Lett., 2006, 8, 1533. 
15 M. Rueping, A. P. Antonchick, T. Theissmann, A gew. Chem. Int. Ed., 2006, 45, 3683. 
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Scheme 4: Synthesis of natural tetrahydroquinolines via a double organocatalytic transfer hydrogenation. 
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2. Objective 
Pentatomic heterocyclic scaffolds are very common in atural products. In particular, 
the tetrahydrofuran (THF)16 and the oxazoline17 moieties are present in a variety of 
biologically active products. These facts have given great impetus to the research for new 
synthetic methodologies aimed at the preparation of these scaffold. As previously 
described, tandem and domino reactions have proved to be an effective tool in 
developing environmentally benign processes, since they generate several bonds in a 
“single pot” operation thereby minimizing the amount of waste that is generated. 
Recently, our attention was captured by two synthetic procedures, reported in the 
literature, that allowed the preparation of pentatomic heterocyclic scaffolds via tandem 
reactions in a highly diastereoselective, but not eantioselective, manner. 
Gharpure and Reddy18 reported an efficient synthesis of substituted tetrahydrofuran 
derivatives employing a tandem SN2-Michael addition to vinylogous carbonates (Scheme 
5). The authors proved that the reactivity of vinylogous carbonates is not limited to more 
classical radical reactions, but they are excellent Michael acceptors towards active 
methylene compounds such as malonates even under anionic conditions. 
 
Scheme 5: Tetrahydrofurans through a SN2-Michael tandem sequence. 
Liu and Xu19 developed instead a new strategy for the atom-economic synthesis of 
fused oxazolines via a domino reaction, involving an aldol-cyclisation-Michael sequence 
of ethyl isocyanoacetate on the appropriate polyfunctio al substrate (Scheme 6). 
 
                                                 
16 For reviews on tetrahydrofuran synthesis, see: (a) T. L. B. Boivin, Tetrahedron 1987, 43, 3309; (b) G. 
Cardillo, M. Orena, Tetrahedron 1990, 46, 3321; (c) J.-C. Harmange, B. Figadere, Tetrahedron: 
Asymmetry 1993, 4, 1711; (d) U. Koert, Synthesis 1995, 115; (e) K. Miura, A. Hosomi, Synlett 2003, 143; 
(f) J. P. Wolfe, M. B. Hay, Tetrahedron 2007, 63, 261; (g) V. Piccialli, Synthesis 2007, 2585. 
17 For a review, see: (a) P. Wipf, In Alkaloids: Chemical and Biological Perspectives, S. W. Pelletier, ed. 
Pergamon, New York, 1998, pp. 187–228. For selected examples, see: (b) M. R. Prinsep, R. E.Moore, 
I.A.Levine, G. M. L. Patterson, J. Nat. Prod. 1992, 55, 140; (c) H. B. Bode, H. Irsch, S. C. Wenzel, H. 
Reichenbach, R. Muller, G. Hofle, J. Nat. Prod. 2003, 66, 1203. 
18 S. J. Gharpure, S. R. B. Reddy, Tetrahedron Lett. 2010, 51, 6093. 
19 L. Zhang, X. Xu, J. Tan, L. Pan, W. Xia, Q. Liu, Chem. Commun. 2010, 46, 3357. 
16 
 
 
Scheme 6: Fused tricyclic oxazolines through a domino aldol-cyclisation-Michael sequence. 
The group where I worked during this thesis, has undertaken since some years several 
studies regarding the synthesis of new enantioenriched organic molecules through the use 
of enantioselective PTC.20 Besides, phase-transfer catalysis has proven to bevery useful 
for carrying out asymmetric transformations with the types of nucleophiles that were 
employed by Gharpure and Reddy (active methylene compounds), and Liu and Xu 
(isocyanoacetates) in their studies.6 Consequently, it was decided to explore the 
possibility of synthetizing enantioenriched tetrahydrofuran and oxazoline derivatives,  
starting from the polyfunctionalised substrates described above, using asymmetric PTC 
methodologies (Scheme 7). 
 
Scheme 7: Planned catalytic asymmetric domino reactions on polyfunctionalised substrates. 
 
                                                 
20 a) F. Fini, V. Sgarzani, D. Pettersen, R. P. Herrera, L. Bernardi, A. Ricci, Angew. Chem. Int. Ed. 2005, 
44, 7975; b) F. Fini, L. Bernardi, R. P. Herrera, D. Pettersen, A. Ricci, V. Sgarzani, Adv. Synth. Catal. 
2006, 348, 2043; c) R. P. Herrera, V. Sgarzani, L. Bernardi, F. Fini, D. Pettersen, A. Ricci, J. Org. Chem. 
2006, 71, 9869; d) O. Marianacci, G. Micheletti, L. Bernardi, F. Fini, M. Fochi, D. Pettersen, V. Sgarzani, 
A. Ricci, Chem. Eur. J. 2007, 13, 8338; e) L. Bernardi, F. Fini, M. Fochi, A. Ricci, Synlett 2008, 1857; f) 
F. Fini, G. Micheletti, L. Bernardi, D. Pettersen, M. Fochi, A. Ricci, Chem. Commun. 2008, 4345; g) C. 
Gioia, F. Fini, A. Mazzanti, L. Bernardi, A. Ricci, J. Am. Chem. Soc. 2009, 131, 9614; h) C. Cassani, L. 
Bernardi, F. Fini, A. Ricci, Angew. Chem. Int. Ed. 2009, 48, 5694; i) A. Baschieri, L. Bernardi, A. Ricci, S. 
Suresh, M. F. A. Adamo, Angew. Chem. Int. Ed. 2009, 48, 9342; j) R. D. Momo, F. Fini, L. Bernardi, A. 
Ricci, Adv. Synth. Catal. 2009, 351, 2283; k) S. Mazzotta, L. Gramigna, L. Bernardi, A. Ricci, Org. Proc. 
Res. & Dev. 2010, 14, 687; l) L. Bernardi, E. Indrigo, S. Pollicino, A.Ricci, Chem. Commun. 2012, 48, 
1428. 
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3. Results and Discussion 
3.1. SN2-Michael tandem reactions 
As mentioned, in 2010 Gharpure and Reddy18 reported that THF derivatives 3 can be 
assembled by the reaction of the iodine derivatives 1 with active methylene compounds 
2, in the presence of catalytic amounts of the approriate base under homogeneous 
conditions (NaOH in DMSO), via a tandem SN2-Michael addition sequence (Scheme 8). 
To test the feasibility of the proposed THF derivatives synthesis in an enantioselective 
fashion via PTC catalysis, the preparation of two iodide derivatives 1 (bearing two 
different esters) was undertaken. 
 
Scheme 8: Gharpure and Reddy’s Synthesis of THF derivatives. 
3.1.1. Synthesis of substrates 1a and 1b 
The synthesis of substrates 1a and 1b was achieved through a three steps methodology 
starting from ethylene glycol, optimizing literature procedures. 
Ethylene glycol was mono-tosylated (Ts) in the presence of TsCl and catalytic amounts 
of N,N-dimethylaminopyridine (DMAP), in pyridine as the solvent (Scheme 9).21  
OH
OH
OTs
OH
Ts
Cl
DMAP
pyridine
r.t., 1.5 h
work up
Y=67%  
Scheme 9: Synthesis of mono-protected ethylene glycol. 
The obtained tosyl derivative was reacted further with the commercially available ethyl 
propiolate using N-methyl morpholine (NMM) as the base in dichloromethane (DCM) as 
the solvent,18 providing the corresponding ethyl acrylate derivative in 62% yield after 
chromatographic purification (Scheme 10). Subsequently, the same reaction was repeated 
                                                 
21 Wyeth, Patent US2008/96903 A1, 2008 
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using benzyl propiolate, which was first obtained in quantitative yield from propiolic 
acid as described in Scheme 11.22 
 
Scheme 10: Synthesis of acrylates precursors of 1a and 1b. 
 
Scheme 11: Synthesis of benzyl propiolate. 
The last step of the synthesis of substrates 1a and 1b was an SN2 reaction between the 
OTs derivatives and sodium iodide, as shown in Scheme 12. Compound 1a was obtained 
as a yellow oil in 57% yield, and compound 1b as a dark-yellow oil in 91% yield. 
 
Scheme 12: Synthesis of substrates 1a and 1b. 
3.1.2. Reactivity of substrates 1a and 1b 
We decided to first perform the SN2-Michael tandem reaction utilizing 1a as the model 
compound and a series of active methylene compounds 2, reported in Figure 8, in toluene 
as the solvent and using tetra-n-butylammonium bromide (TBAB, Figure 7) as the PTC 
catalyst, varying the inorganic base. We screened a few inorganic bases for each 
transformation, limiting our choice to bases which are typically used in PTC reactions 
with nucleophiles featuring a pKa of 11-17 in DMSO, such as compounds 2.
23 These 
bases are potassium carbonate, the stronger potassium phosphate, and cesium carbonate. 
It must be noted that even if cesium carbonate and potassium carbonate feature the same 
basicity, cesium carbonate is usually much more active under PTC conditions because its 
larger cation makes the base itself and the ion-pairs resulting from nucleophile 
deprotonation more reactive and more available in the organic layer. The crude mixtures 
                                                 
22 Hoffman-La Roche Inc., Patent US5128448 A1, 1992 
23 D. H. Ripin, D. A. Evans, http://www.chem.wisc.edu/areas/reich/pkatable/index.htm 
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obtained from these reactions were analysed by 1H NMR spectroscopy to check if some 
product was formed, and eventually determine the conversion of the reaction. For each 
nucleophile employed, in Table 2 are reported the best results. The primary objective of 
this screening was the evaluation of the feasibility of this synthetic procedure under PTC 
conditions. The second was the synthesis and the isolation of the racemic products, 
which are necessary for the determination of the enantiomeric excess by chiral stationary 
phase HPLC. All the reactions were then repeated uner homogeneous conditions 
(K2CO3 in DMSO as solvent), used in the original report,
18 o compare the obtained 
results. 
 
Figure 7: TBAB. 
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Figure 8: List of nucleophiles 2 used in the SN2-Michael tandem reaction. 
As shown in Table 2, product 3aa deriving from malononitrile 2a (Table 2, Entry 1) was 
obtained with 60% conversion. Unfortunately, it was not possible to analyse 3aa with the 
available HPLC instrument, which is equipped with a UV-detector, as 3aa does not 
absorb UV radiation either at 254 or at 215 nm. Using dimethylmalonate 2b as 
nucleophile, the adduct 3ab was obtained with 70% conversion (Table 2, Entry 2), when 
potassium phosphate was employed as the base. In this case, it was possible to detect and 
separate the two enantiomers by HPLC (Daicel Chiralpak AD-H column, 2-propanol/n-
hexane 10/90, flow 0.75 mL/min, 215 nm, r.t.: 14.9 and 15.8 min). Product 3ac from 
dibenzylmalonate 2c (Table 2, Entry 3) was obtained with 55% conversion. Also in this 
case it was possible to detect and separate the two nantiomers by HPLC (Chiralpak AD-
H column, 2-propanol/n-hexane 10/90, flow 0.75 mL/min, 215 nm, r.t.: 23.2 and 27.0 
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min). Surprisingly, the diketone 2d and the malonate derivative 2e did not furnish the 
desired products, even using different inorganic bases after prolonged reaction times 
(Table 2, Entries 4-7). The reaction with the sulfonylacetate 2f afforded instead the 
corresponding product 3af as a single diastereoisomer, although with moderate 
conversion (Table 2, Entry 8). Its enantiomers were detected and separated by HPLC 
(Chiralpak AD-H column, 2-propanol/n-hexane 10/90, flow 0.75 mL/min, 215 nm, r.t.: 
31.3 and 33.5 min). Interestingly, by using the homogeneous conditions (DMSO/K2CO3) 
reported in the original paper,18 the opposite diastereoisomer was obtained, even if 
unfortunately, its relative configuration was not assigned. Also methyl cyanoacetate 2g 
furnished the product 3ag, and with very good conversion as a single diastereoisomer 
(Table 2, Entry 9), but again it was not possible to detect it either at 254 or at 215 nm. 
Finally, the two nitro compounds 2h and 2i did not give the expected products (Table 2, 
Entries 10-11) using our set of inorganic bases. 
Table 2: Synthesis of the racemic SN2-Michael tandem products 3aa-3ai with 1a.
a 
 
a) Conditions: 1a (0.10 mmol), 2 (0.20-0.30 mmol), TBAB (0.020 mmol, 20 mol%), toluene (0.20 mL), 
inorganic base (0.50 mmol), stirring, r.t., 24-66 h, then plug filtration on silica gel. b) Determined by 1H 
NMR spectroscopy on the crude mixture. A single diastereoisomer was observed for 3af,3ag. c) 1.0 mL of 
toluene was used. d) 50% w/w aqueous K3PO4 was used (3.3 equiv.). 
Next, we analysed the reaction of 1b with the same methylene compounds 2 with the 
aim of (i) enlarging the scope of the reaction and (ii) introduce the benzyl group in the 
final THF derivative that could increase the capacity of absorbing the UV radiation. Also 
in this case, the reactions were performed both under PTC and homogeneous conditions 
and the best results with PTC are reported in Table 3. 
Entry 2 (equiv.) 3 EWG EWG1 Base t (h) χ (%)b 
1 2a (3) 3aa CN CN K2CO3 48 60 
2 2b (3) 3ab CO2Me CO2Me K3PO4 24 70 
3 2c (3) 3ac CO2Bn CO2Bn K3PO4 24 55 
4c 2d (2) 3ad COPh COPh K2CO3 64 <5 
5c 2d (2) 3ad COPh COPh Cs2CO3 66 <5 
6c 2e (2) 3ae CO2(4-OMeC6H4) CO2(4-OMeC6H4) K2CO3 64 <5 
7c 2e (2) 3ae CO2(4-OMeC6H4) CO2(4-OMeC6H4) Cs2CO3 66 <5 
8 2f (3) 3af CO2Me SO2Ph K3PO4 aq
d 48 23 
9 2g (3) 3ag CO2Me CN K2CO3 48 91 
10 2h (3) 3ah H NO2 K3PO4 48 <5 
11 2i (3) 3ai Br NO2 K3PO4 48 <5 
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Similarly to acceptor 1a, also 1b reacted well with 2a-c and 2f,g, furnishing the 
expected products 3ba-3bc and 3bf,3bg with moderate to good conversions (Table 3, 
Entries 1-3, 6,7). As expected, the higher UV absorance given by the benzyl group in 
the molecule allowed the detection and separation of the enantiomers of 3ba, derived 
from malononitrile 2a (Daicel Chiralpak AD-H column, eluent 2-propanol/-hexane 
10/90, flow 0.75 mL/min, 215 nm; r.t.: 25.5 and 33.6 min), and 3bg, derived from 
cyanoacetate 2g (Phenomenex Lux 5u Cellulose-1 column, eluent 2-propan l/n-hexane 
10/90, flow 0.75 mL/min, 215 nm; r.t.: 26.3 and 30.7 min). HPLC separation conditions 
were also found for the remaining compounds: 3bb (Daicel Chiralpak AS column, eluent 
2-propanol/n-hexane 10/90, flow 0.75 mL/min, 215 nm; r.t.: 16.1 and 17.7 min); 3bc 
(Daicel Chiralpak AD-H, eluent 2-propanol/n-hexane 10/90, flow 0.75 mL/min, 215 nm; 
r.t.: 42.5 and 52.0 min). The similar reactivity displayed by 1b compared to 1a was 
further confirmed by the reactions with the sulfonylacetate 2f, wherein the PTC 
procedure proved to be again diastereocomplementary compared to the homogeneous 
conditions, and by the lack of reactivity displayed by 2d, 2e, 2h and 2i (Table 3, Entries 
4,5, 6, 8 and 9). 
Table 3: Synthesis of the racemic SN2-Michael tandem products with 1b.
a 
 
Entry 2 (equiv.) 3 EWG EWG1 Base t (h) χ (%)b 
1 2a (3) 3ba CN CN K2CO3 48 67 
2 2b (3) 3bb CO2Me CO2Me K3PO4 48 75 
3 2c (3) 3bc CO2Bn CO2Bn K3PO4 48 61 
4c 2d (2) 3bd COPh COPh K2CO3 64 <5 
5c 2e (2) 3be CO2(4-OMe-C6H4) CO2(4-OMe-C6H4) K2CO3 64 <5 
6 2f (3) 3bf CO2Me SO2Ph K3PO4 48 41 
7 2g (3) 3bg CO2Me CN K2CO3 48 71 
8 2h (3) 3bh H NO2 K2CO3 48 <5 
9 2i (3) 3bi Br NO2 K3PO4 48 <5 
a) Conditions: 1b (0.10 mmol), 2 (0.20-0.30 mmol), TBAB (0.020 mmol, 20 mol%), toluene (0.20 mL), 
inorganic base (0.50 mmol), stirring, r.t., 48-64 h, then plug filtration on silica gel. b) Determined by 1H 
NMR spectroscopy on the crude mixture. A single diastereoisomer was observed for 3bf,3bg. c) 1.0 mL of 
toluene was used. 
 
Summarizing, several active methylene compounds, such as malononitrile 2a, 
malonates 2b,c, sulfonylacetate 2f and cyanoacetate 2g, showed a good reactivity 
towards acceptors 1a and 1b under PTC conditions, and were thus identified as 
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promising candidates for the development of a catalytic asymmetric procedure based on 
PTC. Importantly, the use of a UV-active benzyl ester moiety in acceptor 1b allowed 
detection of the products 3ba and 3bg deriving from malononitrile 2a and cyanoacetate 
2g, which could not be detected in the case of the ethyl ester acceptor 1a. Some 
nucleophiles (2d,e,h,i) did not react under PTC conditions. On the other hand, these latter 
substrates were not employed in the original publication.18 The low nucleophilicity of the 
highly delocalised enolate anion derived from 2d and the bulkiness of malonate 2e might 
be the reasons for the lack of reactivity of 2d and 2e. The notorious complication of 
nitroalkane alkyation reactions24 might have impeded the reaction between nitroalkanes 
2h and 2i with the acceptors 1. Regarding the sequence of the reactions in this tandem 
process, we confirmed that the SN2-alkylation precedes the Michael addition. Some 
reactions of Table 2 and 3, stopped before completion, showed indeed the presence of an 
intermediate compound deriving from the attack of the nucleophile 2 on the acceptor 1
still bearing the double bond functionality unreacted. 
With these promising results regarding the reactivity of several nucleophiles 2 under 
PTC conditions, we started to evaluate the possibility of performing these reactions with 
chiral enantiopure PTC catalysts, derived from Cinchona alkaloids. 
 
In these very preliminary experiments, we focalised our attention on the reaction of 1a
with 2b and 2f, as reported in Table 4 and 5, in the presence of commercial PTC01 
(Figure 9) derived from quinine, varying the inorganic base. Malonate 2b and 
sulfonylacetate 2f were selected for this preliminary screening as the e nucleophiles have 
been widely used in the past in asymmetric PTC reactions.20 All the reactions were 
carried out in toluene as the solvent (0.50 M), with five equivalents of the inorganic base 
and with 20 mol% catalyst loading, for 48 h at room te perature. 
 
Figure 9: N-Benzylquininium chloride, PTC01. 
                                                 
24 D. Seebach, R. Henning, F. Lehr, J. Gonnermann, Tetrahedron Lett. 1977, 18, 1161. 
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As shown in Table 4, with dimethylmalonate 2b as nucleophile only cesium carbonate 
(Table 4, Entry 3) gave a good conversion in product 3ab, potassium carbonate and 
potassium phosphate not being able to promote the reaction to a sufficient extent (Table 
4, Entries 1 and 2). Unfortunately, the reaction with cesium carbonate afforded the 
product 3ab with a disappointingly low ee. 
Table 4: Screening of the base in the reaction with malonate 2b.a 
 
Entry Base χ (%)b ee (%)c 
1 K2CO3 10 - 
2 K3PO4 20 - 
3 Cs2CO3 92 14 
a) Conditions: 1a (0.10 mmol), 2b (0.30 mmol), PTC01 (0.020 mmol, 20 mol%), toluene (0.20 mL), 
inorganic base (0.50 mmol), stirring, r.t., 48 h, then plug filtration on silica gel. b) Determined by 1H NMR 
spectroscopy on the crude mixture. c) Determined by chiral stationary phase HPLC. 
Also with sulfonylacetate 2f, between potassium carbonate, potassium phosphate and 
cesium carbonate, the latter base was found to be the most competent for the promotion 
of the reaction with 1a to give 3af (Table 5, Enties 1,2, and 5). However, it was possible 
in this case to isolate the product even in the reaction performed using potassium 
carbonate, which showed a slightly improved enantioselectivity compared to the other 
experiments. As many other chiral PTC reactions perform better, in terms of 
enantioselectivity, when aqueous bases are employed, w  also tried the corresponding 
aqueous bases, which unfortunately did not lead to any improvement (Table 5, Entries 
3,4,6). In this case, we extended this preliminary screening also to fluoride bases, such as 
potassium and cesium fluoride (Table 5, Entries 8,9). In line with the previous results, the 
cesium salt performed much better than its potassium counterpart, delivering the product 
3af with enantiomeric excess comparable to potassium carbonate, but with slightly 
higher conversion. A weaker base such as potassium dihydrogen phosphate was found to 
be inactive in this reaction (Table 5, Entry 7). 
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Table 5: Screening of base for nucleophile 2f.a 
 
Entry Base t (h) χ (%)b ee (%)c 
1 K2CO3 48 24 20 
2 K3PO4 48 33 5 
3 aq. K3PO4 (50% 
w/w)
d 48 30 10 
4 aq. K2CO3 (50% 
w/w) 24 <5 - 
5 Cs2CO3 24 44 7 
6 aq. Cs2CO3 (50% 
w/w)
 24 <5 - 
7 KH2PO4 48 <5 - 
8 CsF 48 45 18 
9 KF 48 4 - 
a) Conditions: 1a (0.10 mmol), 2f (0.30 mmol), PTC01 (0.020 mmol, 20 mol%), toluene (0.20 mL), 
inorganic base (0.50 mmol), stirring, r.t., 48 h, then plug filtration on silica gel. b) Determined by 1H NMR 
spectroscopy on the crude mixture. A single diastereoisomer was observed in all experiments. c) 
Determined by chiral stationary phase HPLC. d) 3.3 equiv. were used. 
This very preliminary screening has indicated that the enantioselective SN2-Michael 
tandem reaction leading to THF derivatives might be feasible, although at this stage the 
obtained results with the representative chiral catalys  PTC01 are certainly not 
satisfactory, in terms of both yield and enantioselectivity. Whereas it can be envisioned 
that a through screening of catalyst structures gives good chances in the development of 
this transformation in a highly enantioselective fashion, the low reactivity displayed by 
nucleophiles 2b and 2f in the presence of ordinary organic bases (Tables 4 and 5) 
represents a serious matter of concern. However, th broad spectrum of nucleophilic 
components which were identified during the preliminary screening with TBAB catalyst 
(Tables 2 and 3) increases the possibilities of finding a suitable nucleophile-electrophile 
couple for the disclosure of a highly efficient asymmetric synthesis of enantioenriched 
THF derivatives through the SN2-Michael tandem reaction. 
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3.2. Aldol-cyclisation-Michael domino reactions 
As previously mentioned, Liu and Xu19 developed a new strategy for the atom-
economic synthesis of fused oxazolines 3 via a domino sequence, initiated by the aldol-
cyclisation reaction of ethyl isocyanoacetate 2k with an appropriate aldehyde 1 bearing a 
Michael acceptor. Under the optimised conditions, fused tricyclic oxazolines were 
produced in good yields and in a highly diastereoselective manner. 
 
Scheme 13: Fused tricyclic oxazolines through a domino aldol-cyclisation sequence. 
We decided to investigate the possibility of obtaining these oxazoline derivatives in an 
enantioenriched form, by using asymmetric PTC catalysis. To this purpose, the synthesis 
of the aldehyde derivatives 1d and 1e, was undertaken. During the project development, 
in order to expand the substrate and catalyst structural variety, we have also decided to 
prepare the benzyl isocyanoacetate 2l and the new PTC catalysts PTC14 and PTC29, as 
outlined below. The remaining PTC catalysts were either commercially available, either 
previously prepared in the laboratory were this work was carried out. 
3.2.1. Synthesis of substrates 1d and 1e 
The synthesis of these substrates was carried out from commercial starting materials in 
a single step for substrate 1d, and in two steps for substrate 1 .
Substrate 1d (Scheme 14) was prepared by a Heck reaction, as describ d by Bryan and 
Lautens.25 2-Bromobenzaldehyde (1 equiv.) was reacted with methyl acrylate (1.5 
equiv.), in toluene as the solvent and in the presence of a palladium catalyst. The reaction 
mixture was refluxed with stirring for 40 h under N2 atmosphere. 
 
Scheme 14: Synthesis of substrate 1d. 
                                                 
25 C. S. Bryan, M. Lautens, Org. Lett., 2010, 12, 2754. 
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Substrate 1e was obtained in two steps from a commercial phosphnium salt, which 
was dissolved in methanol and deprotonated by addition of an aqueous 2M sodium 
hydroxide solution, giving the corresponding ylide, as reported in Scheme 15. 
 
Scheme 15: Synthesis of the ylide. 
The second step of the sequence was a Wittig reaction between this ylide and o-
phthalaldehyde, in DCM as solvent, as represented in Scheme 16. The reagents were 
added in equimolar amount. 
 
Scheme 16: Synthesis of substrate 1e. 
3.2.2. Synthesis of nucleophile 2l  
For the aldol-cyclisation-Michael reaction commercially available isocyanide 
nucleophiles were used, except for 2l which had to be prepared. For the synthesis of this 
compound it was used a procedure taken from a US patent,26 consisting in three steps. 
The first step was the esterification of glycine with benzyl alcohol, that was used as a 
reagent and solvent. p-Toluenesulfonic acid was employed as dehydrating agent, in 
stoichiometric amount respect to the limiting reagent (glycine). This reaction was first 
carried out in a flask at 100 °C for 15 hours, but as the conversion was not complete, it 
was necessary to treat the crude further in a Dean-St rk apparatus (Scheme 17). 
 
Scheme 17: Synthesis of glycine benzyl ester, tosylate salt. 
The second step was the formylation of this benzyl ester with methyl formate, that was 
used as a regent and solvent. Triethylamine was employed as the base in excess respect 
                                                 
26 Martin, Pierre, Patent US2008/242857 A1, 2008 
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to limiting reagent (glycine ester). The reaction is represented in Scheme 18 and 
proceeded in quantitative yield. 
 
Scheme 18: Formylation of the glycine ester. 
The last step in the synthesis of 2l was performed with the procedure depicted in 
Scheme 19. Benzyl 2-formamidoacetate was first dissolved in DCM, then excess 
triethylamine was added to this solution. The reaction mixture was cooled to 2 °C, 
followed by addition of POCl3 in equimolar amounts. This dehydrating agent was added 
very slowly with stirring, maintaining the temperature below 4 °C. Finally, the reaction 
was quenched by neutralisation with an aqueous potassium carbonate solution, keeping 
the temperature below 30 °C during this quench. 
 
Scheme 19: Synthesis of nucleophile 2l. 
3.2.3. Synthesis of catalysts PTC14 and PTC29  
The synthesis of PTC14 was performed using a protocol developed in the laboratory 
where this work was carried out.20g Quinine was reacted with 1-(bromomethyl)-2-
(trifluoromethyl)benzene in a mixture of toluene and THF (1:1) at 70 °C for 20 h, as 
represented in Scheme 20. The pure product PTC014 was collected by simple filtration. 
OH
N
H
O
N
Toluene/THF
1:1, 70 °C, 20 h
filtration OH
N
H
O
N
BrBr
CF3
Quinine PTC14
CF3
 
Scheme 20: Synthesis of the phase-transfer catalyst PTC14. 
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Another catalyst that was prepared was PTC29, the simple N-benzylquininium salt with 
phenoxide as counter ion. The synthesis was carried out from N-benzylquininium 
chloride. The chloride anion was exchanged by stirring this salt with sodium phenoxide 
in methanol, as represented in Scheme 21.27 
 
Scheme 21: Synthesis of PTC29. 
3.2.4. Reactivity of substrates 1c, 1d and 1e 
The study of the aldol-cyclisation-Michael domino reaction, with the aim of obtaining 
an enantioenriched product with a PTC procedure, was carried out with electrophiles 1d 
and 1e (Figure 10) and isocyanoacetates. The prochiral substrates 1d and 1e have a 
similar Michael acceptor moiety compared to compounds 1a and 1b, but bears an 
aldehyde, instead of the iodine, which is able to undergo an aldol-cyclisation reaction.  
 
Figure 10: Electrophiles for aldol-cyclisation-Michael domino reaction. 
As previously mentioned, our work was based on the paper by Liu and Xu.19 They used 
sodium hydroxide as a base under homogeneous conditions (THF as solvent), which was 
delivering the products in good yields and diastereoselectivities but in racemic form. In 
order to verify the feasibility of those transformations under PTC conditions, which was 
the aim of this work, we used the same approach we had applied to the SN2-Michael 
addition reaction on 1a and 1b. Thus, we first performed some experiments using a 
standard PTC procedure. To this end, we reacted 1d and 1e with methyl isocyanoacetate 
2j in toluene as solvent, with TBAB as the phase-transfer catalyst and in the presence of 
                                                 
27 a) T. B. Poulsen, L. Bernardi, J. Alemán, J. Overgaa d, K. A. Jørgensen, J. Am. Chem. Soc. 2007, 129, 
441; b) E. J. Corey, F. Xu, M. C. Noe, J. Am. Chem. Soc. 1997, 119, 12414. 
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excess potassium carbonate (aqueous solution) as the base. As shown in Scheme 22, the 
reactions furnished the expected tandem products 3dj and 3ej with good results. Our 
PTC conditions afforded the diastereomeric products shown in Scheme 22, which is the 
same reported in the original publication,19 wherein the relative configuration of 3ej was 
unambiguously determined by X-ray crystallography. However, in our case small 
amounts of minor diastereomers of 3dj and 3ej (4% and 13%, respectively) were also 
detected by 1H NMR in the crude mixture. Besides confirming the viability of our 
approach, these experiments gave us the racemic materials necessary for the HPLC 
determination in the subsequent experiments with chiral enantiopure phase-transfer 
catalysts. HPLC conditions where the enantiomers of 3dj and 3ej could be detected and 
separated were in fact quickly identified (3dj: Daicel Chiralpak AD-H column, eluent 2-
propanol/n-hexane 10/90, flow 0.75 mL/min, wavelength 215 nm, r.t.: 29.3 and 43.0 min 
for the major diastereoisomer, 35.1 and 47.4 min for the minor diastereoisomer; 3ej: 
Daicel Chiralcel OJ-H column, eluent 2-propanol/-hexane 30/70, flow 0.75 mL/min, 
wavelength 215 nm, r.t.: 42.2 and 61.0 min for the major diastereoisomer). 
 
Scheme 22: Test reactions with acceptors 1d and 1e under PTC conditions. 
Some control experiments at reduced reaction times with substrate 1d showed the 
presence of a reaction intermediate D (Scheme 23) featuring the oxazoline moiety next to 
the double bond. Based on this observation, a possible rationalization of the sequence of 
the steps in this domino process is shown in Scheme 23. A first aldol addition giving A is 
followed by ring closure and 1,3-H shift delivering the stabilised enolate C. This enolate 
C can undergo the intramolecular Michael addition to give the tricyclic product 3dj. 
However, apparently, after the 1,3-H shift C can be quenched by a proton source such as 
water or another acidic compound in the mixture, leading to the formation of the 
observed intermediate D. Given the disappearance of intermediate D with time, as well 
as the consistent increase in tricyclic product 3dj, it is clear that under PTC conditions 
the activated oxazoline ester in D can be deprotonated again, ultimately giving the 
intramolecular Michael addition step. A parallel sequ nce, wherein oxazoline B is 
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directly protonated after ring-closure, without undergoing the 1,3-H shift, might also be 
operative, and would lead to the same experimental observations. 
 
Scheme 23: Hypothetical sequence of the events in the domino process. 
Whatever the sequence of the events in this domino process (1,3-H shift or protonation 
of the oxazoline followed by deprotonation of the activated oxazoline-ester), in our 
planned asymmetric reaction the step determining the enantioselectivity of the whole 
reaction is the first aldol addition of the deprotonated cyanoacetate 2j to the aldehyde 
moiety of the acceptor 1d. 
However, even after a careful literature search we could not find any examples of 
catalytic asymmetric aldol reactions (or aldol-cyclisation reactions giving oxazolines) 
with cyanoacetates under PTC conditions. Thus, we decided to tackle our planned 
domino sequence by first turning our efforts towards the catalytic asymmetric aldol 
addition of cyanoacetates to simple aldehydes, such as benzaldehyde 1c, in order to 
simplify the system. This latter transformation seem d to be already a formidable 
challenge by itself, considering that surprising lack of literature precedents. We assumed 
that, once a reliable protocol for the aldol-cyclisat on reaction with simple aldehydes 
with chiral PTC would be established, the last intramolecular Michael addition step when 
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using the polyfunctional substrates 1d and 1e would proceed with very good 
diastereocontrol, as observed in the racemic version. 
This change of plan required obviously to verify whether the aldol-cyclisation of 
cycanoacetate 2j to benzaldehyde 1c proceeded efficiently with PTC. As expected from 
the results already obtained with the more complex substrates 1d and 1e, a reaction of 
methylcyanoacetate 2j with benzaldehyde 1c afforded the corresponding product 3cj 
with very good results (Scheme 24). The oxazoline adduct was obtained with very good 
diastereoselectivity, favouring the trans isomer as determined by comparison of the 1H 
NMR spectrum of the obtained diastereomeric mixture of 3cj with literature data 
referring to the two isolated isomers.28 The obtainment of 3cj allowed the identification 
of suitable chiral stationary phase HPLC conditions for the detection and the separation 
of the two enantiomers of the major trans diasteroisomer (Daicel Chiralcel OJ-H column, 
eluent 2-propanol/n-hexane 20/80, flow 0.75 mL/min, wavelength 215 nm at r.t.: 20.8 
and 38.9 min). 
O
CN CO2R
TBAB 20 mol%
aq. K2CO3 50%
w/w
5 equiv.
toluene, r.t.
work up
2j: R = Me
2k: R = Et
2l: R = Bn
2m: R = t-Bu
1c
N
O
CO2R
N
O
CO2R
3cj: >98%, trans:cis 95:5
3ck: >98%, trans:cis 92:8
3cl: >98%, trans:cis 93:7
3cm: >98%, trans:cis 89:11
+
 
Scheme 24: Synthesis of racemic product 3cj-3cm. 
As in many asymmetric PTC reactions the enantioselectivity strongly depends on the 
steric features of the nucleophile,6 we decided to extend the reaction to other 
cyanoacetate esters 2k-m with different steric bulk at the ester group, such as the ethyl 
(2k), benzyl (2l) and the very bulky tert-butyl (2m). All reactions performed well, giving 
the corresponding products 3cj-3cm with good diastereoselectivities (Scheme 24), 
allowing us to find suitable conditions for the detection and the separation of the 
enantiomers of their major t ans-diastereoisomers by chiral stationary phase HPLC (3ck: 
Daicel Chiralcel OJ-H column, eluent 2-propanol/-hexane 20/80, flow 0.75 mL/min, 
wavelength 215 nm at r.t.: 16.5 and 28.4 min; 3cl: Daicel Chiralpak AD-H column, 
eluent 2-propanol/n-hexane 10/90, flow 0.75 mL/min, wavelength 215 nm at r.t.: 21.0 
                                                 
28 F. Sladojevich, A. Trabocchi, A. Guarna, D. J. Dixon, J. Am. Chem. Soc. 2011, 133, 1710. 
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and 27.0 min; 3cm: Daicel Chiralpak AD-H column, eluent 2-propanol/-hexane 10/90, 
flow 0.75 mL/min, wavelength 215 nm at r.t.: 9.2 and 10.7 min). 
To develop an enantioselective aldol-cyclisation of cyanoacetates with aldehydes, we 
have initially tested a series of inorganic bases (5 equiv.) at different temperatures in the 
presence of the commercial PTC01 (10 mol%) derived from quinine as the catalyst, in 
toluene as the solvent (0.10 M). Methyl isocyanoacetate 2j was employed in this first 
screening as nucleophile. The obtained results are reported in Table 6.  
Table 6: Screening of base and temperature.a 
 
Entry Base T (°C) t (h) χ (%)b trans:cisb ee (%)c 
1 K2CO3 0 5.5 >98 94:6 0 
2 aq. K2CO3 (50% 
w/w) 0 5.5 >98 95:5 6 
3 K2CO3 -20 24 >98 92:8 7 
4 aq. K2CO3 (50% 
w/w) -20 24 >98 92:8 7 
5d aq. K2CO3 (50% 
w/w) -30 67 >98 92:8 12 
6 K2CO3 -40 22 77 89:11 24 
7 aq. K2CO3 (50% 
w/w) -40 22 87 89:11 22 
8 K3PO4 -40 22 >98 92:8 19 
9 aq. K3PO4 (50% 
w/w) -40 22 >98 88:12 16 
10 K3PO4 -60 23 >98 93:7 10 
11 Cs2CO3 -60 23 >98 94:6 10 
12 K3PO4 -78 20 >98 93:7 0 
13 Cs2CO3 -78 20 >98 92:8 8 
a) Conditions: 1c (0.10 mmol), 2j (0.20 mmol), PTC01 (0.020 mmol, 20 mol%), toluene (1.0 mL), 
inorganic base (0.50 mmol), stirring, 5.5-67 h, then plug filtration on silica gel. b) Determined by 1H NMR 
spectroscopy on the crude mixture. c) Determined by chiral stationary phase HPLC. d) 10 mol% catalyst 
was used. 
 
All reaction perfomed well in terms of conversion, furnishing the corresponding 
oxazoline adduct 3cj with good diastereoselectivity but only low to moderate 
enantioselectivity. In all cases, the major stereoisomer of the product 3cj was the 4R,5S 
adduct, as depicted above Table 6. This stereochemial assignment was based on the 
comparison of the HPLC retention times and order of elution of the enantioenriched 3cj 
with literature data.28 As expected, lowering the reaction temperature increased reaction 
times and required a stronger base to maintain a good level of conversion. In particular, 
when solid potassium carbonate was used (Table 6, Entries 1, 3 and 6) the conversion 
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was complete at 0 and -20 °C, while decreased to 77% when working at -40 °C. The 
diastereomeric ratio was always very high at all temp ratures, while the ee values 
increased as expected by lowering the temperature, till 24% ee at -40 °C. Contrary to 
many other chiral PTC reactions,6 the use of aqueous base did not lead to improvements, 
but furnished the product with comparable results (Table 6, Entries 2, 4, 5 and 7). Solid 
potassium phosphate (Table 6, Entries 8, 10 and 12) allowed to carry out the reaction at 
lower temperatures (-40, -60 and -78 °C) keeping a full conversion of the starting 
benzaldehyde 1c, but the obtained ee values were lower than in the case of solid 
potassium carbonate. A reaction with aqueous potassium phosphate (50% w/w) was 
performed at -40 °C (Table 6, Entry 9), but also in this case the adduct 3cj was obtained 
with a slightly lower ee value with respect to the corresponding solid base. It was not 
possible to perform the reaction with this aqueous base at lower temperatures because the 
solution freezes. Solid cesium carbonate (Table 6, Entries 11 and 13) was then tested, as 
this base is usually much more active than potassium carbonate under PTC conditions 
because its large cation makes it more available in the organic layer. Indeed, full 
conversion was achieved with this base even at -78 °C. However, enantioselectivity was 
not satisfactory even at this very low temperature. 
From the results obtained in this screening of bases nd temperatures it is was deduced 
that the best reaction conditions involved the use of solid or aqueous potassium carbonate 
at -40 °C. At this point, we decided to perform a thorough screening of PTC catalysts in 
this transformation (Table 7). Due to the relatively asier procedure when using an 
aqueous solution with respect to a solid we decided to operate with the latter in this 
screening. The catalysts that have been screened for the asymmetric aldol-cyclisation 
domino reaction are, for the most part, Cinchona alkaloid derivatives as depicted in 
Figure 11, but also a very different class of PTC catalysts, namely the biphenyl-based 
ammonium salts developed by Lygo29 (Figure 12), which were already available in the 
laboratory where this work was carried out. 
                                                 
29 B. Lygo, B. Allbutt, D. J. Beaumont, U. Butt, J. AR. Gilks, Synlett 2008, 675. 
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Figure 11: PTC catalysts derived from Cinchona alkaloids. 
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Figure 12: List of LYGO catalyst. 
As shown in Table 7, the PTC catalysts deriving from the four main Chinchona 
alkaloids (PTC01-PTC04, derived from quinine, quinidi e, cinchonidine and cinchonine) 
were tested (Table 7, Entries 1-4) and it was demonstrated that the best result can be 
obtained with the N-benzylquininium chloride PTC01. Consequently, we deci ed to test 
mainly catalysts derived from quinine. It was clear that a free hydroxyl group at the 9-
position is very important, since O-protected PTC catalysts PTC05 and PTC06 lowered 
drastically the ee values (Table 7, Entries 5 and 6). Catalysts bearing sterically 
demanding groups at the quinuclidinic nitrogen such as 9-methylanthracenyl or 1-
methylnaphtyl (PTC10, PTC12 and PTC26, Entries 10, 12 and 26) and catalysts carrying 
para-substituted benzyl groups (PTC08 and PTC28, Entries 8 and 28), gave very bad 
results. Some ortho-substituted aromatics at the benzyl moiety of the quinuclidinic 
nitrogen such as in PTC09, PTC13 and PTC15 (Entries 9, 13 and 15) afforded instead 
consistently better results in term of enantioselectivity. On the contrary, PTC11, PTC14, 
PTC16 and PTC17 (Entries 11,14,16 and 17) bearing different ortho-substituents gave 
lower ee’s than PTC01. 2-Methylpyridine (PTC18) and 2-methylpyidine 1-oxide 
(PTC19) catalysts gave comparable results with respect to PTC01 (Entries 18 and 19). 
The last group of catalysts tested have more than one substituent at the benzyl moiety of 
the quinuclidinic nitrogen, such as PTC07, PTC20, PTC21, PTC22, PTC23, PTC24, 
PTC25 and PTC27. Only catalysts PTC21 and PTC27 (Entries 21 and 27) afforded 
comparable results with respect to PTC01, whereas the remaining structures performed 
worse (Entries 7,20,21,22,23,24,25 and 27). With binaphthyl catalysts PTC30-PTC33, a 
complete conversion of the stating aldehyde 1c was achieved, but 3cj was obtained with 
low enantioselectivity, as reported in Entries 30-3. Finally, we have also tested a 
different approach to this reaction, by using the phenoxide catalyst PTC29. This 
ammonium salt, soluble in toluene, should be able to promote the reaction without the  
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Table 7: Screening of Phase Transfer Catalyst.a 
 
Entry Base Cat t (h) χ (%)b trans:cisb ee (%)c 
1 aq. K2CO3 (50% 
w/w) PTC01 66 >98 88:12 22 
2 aq. K2CO3 (50% 
w/w) PTC02 66 97 84:16 3 
3 aq. K2CO3 (50% 
w/w) PTC03 66 87 88:12 4 
4 aq. K2CO3 (50% 
w/w) PTC04 66 >98 92:8 12 
5 aq. K2CO3 (50% 
w/w) PTC05 66 82 79:21 8d 
6 aq. K2CO3 (50% 
w/w) PTC06 41 >98 86:14 2 
7 aq. K2CO3 (50% 
w/w) PTC07 66 95 89:11 4 
8 aq. K2CO3 (50% 
w/w) PTC08 66 98 83:17 4 
9 aq. K2CO3 (50% 
w/w) PTC09 66 >98 91:9 34 
10 aq. K2CO3 (50% 
w/w) PTC10 66 96 98:11 8 
11 aq. K2CO3 (50% 
w/w) PTC11 66 >98 92:8 6 
12 aq. K2CO3 (50% 
w/w) PTC12 66 >98 88:12 0 
13 aq. K2CO3 (50% 
w/w) PTC13 41 >98 93:7 24 
14 aq. K2CO3 (50% 
w/w) PTC14 41 >98 93:7 16 
15 aq. K2CO3 (50% 
w/w) PTC15 41 97 94:6 22 
16 aq. K2CO3 (50% 
w/w) PTC16 41 >98 93:7 18 
17 aq. K2CO3 (50% 
w/w) PTC17 41 >98 88:12 10 
18 aq. K2CO3 (50% 
w/w) PTC18 41 >98 89:11 18 
19 aq. K2CO3 (50% 
w/w) PTC19 41 >98 94:6 22 
20 aq. K2CO3 (50% 
w/w) PTC20 40 >98 88:12 6d 
21 aq. K2CO3 (50% 
w/w) PTC21 40 >98 92:8 24 
22 aq. K2CO3 (50% 
w/w) PTC22 40 >98 91:9 12 
23 aq. K2CO3 (50% 
w/w) PTC23 40 >98 89:11 16 
24 aq. K2CO3 (50% 
w/w) PTC24 40 >98 84:16 8 
25 aq. K2CO3 (50% 
w/w) PTC25 40 >98 86:14 6 
26 aq. K2CO3 (50% 
w/w) PTC26 40 >98 88:12 7 
27 aq. K2CO3 (50% 
w/w) PTC27 40 95 93:7 25 
28 aq. K2CO3 (50% 
w/w) PTC28 68 >98 95:5 20 
29 - PTC29e,f 46 <5 - - 
30 aq. K2CO3 (50% 
w/w) PTC30g 40 >98 85:15 3d 
31 aq. K2CO3 (50% 
w/w) PTC31g 40 >98 87:13 5d 
32 aq. K2CO3 (50% 
w/w) PTC32g 40 >98 92:8 20d 
33 aq. K2CO3 (50% 
w/w) PTC33g 40 >98 86:14 12d 
a) Conditions: 1c (0.10 mmol), 2j (0.20 mmol), PTC01-PTC33 (0.010 mmol, 10 mol%), toluene (1.0 
mL), inorganic base (0.50 mmol), stirring, -40 °C, 40-66 h, then plug filtration on silica gel. b) Determined 
by 1H NMR spectroscopy on the crude mixture. c) Determined by chiral stationary phase HPLC. d) Major 
isomer: 4S,5R. e) Catalyst loading 20 mol%. f) No conversion of the starting product also at -40 °C, 0 °C 
and r.t. in toluene or THF as solvents. g) Catalyst loading 5 mol% 
assistance of a stoichiometric amount of an inorganic base, as the phenoxide could in 
principle act as a strong homogeneous base. However, no conversion of the starting 
aldehyde 1c was observed either at -40 °C, 0 °C or r.t., or using THF as the solvent 
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(Entry 29). Therefore, from this thorough screening it seems that catalyst PTC09, bearing 
an ortho-methoxy group at the benzyl moiety, is the most effici nt in terms of 
asymmetric induction, leading to the formation of the product 3cj with a promising 34% 
ee under these reaction conditions (Entry 9). 
A range of inorganic bases was next examined, as reported in Table 8, using the best 
PTC catalyst PTC09 in toluene (0.10 M) at -40 °C. Potassium carbonate, solid or as 
aqueous solution, gave the best outcome in terms of enantioselection, confirming the 
results derived from the preliminary screening repoted in Table 6. It is important to note 
that lowering the amount of base to one equivalent (E ry 2) lowered the ee value to 28% 
whereas increasing it to 20 equivalents (Entry 4) increased the ee to 36%. In contrast 
with the results obtained with PTC01 (Table 6), solid potassium phosphate gave 
comparable results to potassium carbonate, when PTC09 was employed as catalyst 
(Entry 5). All the other bases tested afforded lower e ’s. Potassium hydrogen carbonate 
and dipotassium hydrogen phosphate did not promote the reaction (Entries 11 and 12). 
The most important observation is that the reaction is very robust as similar results are 
obtained with different bases in different amounts. 
Table 8: Screening for the optimal base in the reaction with catalyst PTC09.a 
 
Entry Base χ (%)b trans:cisb ee (%)c 
1 K2CO3 >98 95:5 34 
2 aq. K2CO3 (50% 
w/w)
d 97 91:9 28 
3 aq. K2CO3 (50% 
w/w) >98
 e 91:9 34 
4 aq. K2CO3 (50% 
w/w)
f >98 91:9 36 
5 K3PO4 >98 95:5 34 
6 aq. K3PO4 (50% 
w/w) >98 92:8 30 
7 Cs2CO3  >98 94:6 22 
8 Cs2CO3 
b >98 94:6 20 
9 CsF >98 95:5 20 
10 Na2CO3 85 92:8 28 
11 KHCO3 <5 - - 
12 K2HPO4 <5 - - 
13 KF 80 88:12 5 
a) Conditions: 1c (0.10 mmol), 2j (0.20 mmol), PTC09 (0.010 mmol, 10 mol%), toluene (1.0 mL), 
inorganic base (0.50 mmol), stirring, -40 °C, 68 h, then plug filtration on silica gel. b) Determined by 1H 
NMR spectroscopy on the crude mixture. c) Determined by chiral stationary phase HPLC. d) 1 equiv. of 
base. e) Conversion after 66 h. f) 20 equiv. of base. 
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A range of solvents and solvent mixtures was examined, and toluene emerged as the 
best reaction medium, in terms of ee (Table 9). 
Table 9: Screening of solvents in the reaction catalysed by PTC09.a 
 
Entry Solvent χ (%)b trans:cisb ee (%)c 
1 Toluene >98 91:9 34 
2 DCM >98 88:22 12 
3 TBME 40 97:3 16 
4 DCM:Tol 7:3 >98 82:18 22 
5 TBME:Tol 7:3 >98 89:11 22 
6 TBME:Tol 3:7 92 92:8 20 
a) Conditions: 1c (0.10 mmol), 2j (0.20 mmol), PTC09 (0.010 mmol, 10 mol%), solvent (1.0 mL), 
inorganic base (0.50 mmol, 50% w/w), stirring, -40 °C, 41 h, then plug filtration on silica gel. b) Determined 
by 1H NMR spectroscopy on the crude mixture. c) Determined by chiral stationary phase HPLC. 
In order to improve the enantioselectivity of the reaction, we focused on possible 
variations at the ester moiety of the isocyano partner 2, using PTC09 catalyst in toluene 
(0.10 M) and potassium carbonate (solid or 50% w/w solution) as the base. Results are 
reported in Table 10. Using ethyl isocyanoacetate 2k (Entry 3) and benzyl 
isocyanoacetate 2l (Entry 4) the corresponding oxazolines 3ck and 3cl were obtained 
with excellent conversions and with slightly higher e ’s compared to 3cj (Entry 1). Given 
this increase in stereoselectivity observed by using more sterically demanding ester 
groups, we turned our attention towards the very bulky tert-butyl ester derivative 2m. 
However, the reaction performed with this substrate 2m (Entry 6) gave a rather 
unexpected result, as the corresponding product 3cm was obtained with opposite face 
selectivity (i.e. 4S,5R), as determined by comparing HPLC retention times and elution 
order of 3cm with literature values.28 
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Table 10: Generality of the aldol-cyclisation tandem reaction.a 
 
Entry 2 (R) Base t (h) χ (%)b trans:cisb ee (%)c 
1 2j (Me) aq. K2CO3 (50% 
w/w) 40 >98 91:9 34 
2 2k (Et) aq. K2CO3 (50% 
w/w) 40 >98 89:11 25 
3 2k (Et) K2CO3 68 >98 95:5 37 
4 2l (Bn) aq. K2CO3 (50% 
w/w) 44 >98 90:10 36 
5 2l (Bn) K2CO3 68 >98 92:8 32 
6 2m (t-Bu) aq. K2CO3 (50% 
w/w) 46 >98 86:14 23d 
a) Conditions: 1c (0.10 mmol), 2k-2m (0.20 mmol), PTC09 (0.010 mmol, 10 mol%), toluene (1.0 mL), 
inorganic base (0.50 mmol), stirring, -40 °C, 41 h, then plug filtration on silica gel. b) Determined by 1H 
NMR spectroscopy on the crude mixture. c) Determined by chiral stationary phase HPLC. d) Major 
isomer: 4S,5R. 
This unexpected result prompted us to investigate more thoroughly this reaction (Table 
11). N-Benzyl quininium chloride PTC01 was tested again, ffording a higher ee value 
compared with PTC09 (Entries 1 and 4), in sharp contrast with the methyl derivative 2j. 
For this reason we decided to repeat a second shorter PTC catalyst screening using tert-
butyl isocyanoacetate 2m and aqueous or solid potassium carbonate as the base (5 
equiv.). It is possible to observe that the presence of a very bulky group at the 
quinuclidinic nitrogen as 9-methylanthracenyl (Entry 5) or the presence of an electron 
withdrawing groups at the ortho- or meta-position of the benzyl substituent at the 
quinuclidinic nitrogen gave better enantioselectivities (Entries 6-11). Lygo’s catalyst 
afforded again lower ee values (Entries 15-18).  
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Table 11: Screening of catalyst and base with tert-butyl isocyanoacetate 2m.a 
 
Entry Base Cat t (h) χ (%)b trans:cisb ee (%)c 
1 aq. K2CO3 (50% 
w/w) PTC01 46 >98 86:14 30 
2 aq. K2CO3 (50% 
w/w) PTC07 68 >98 89:11 36 
3 aq. K2CO3 (50% 
w/w) PTC08 68 >98 87:13 30 
4 aq. K2CO3 (50% 
w/w) PTC09 46 >98 86:14 23 
5 aq. K2CO3 (50% 
w/w) PTC12 68 >98 89:11 33 
6 aq. K2CO3 (50% 
w/w) PTC13 68 >98 89:11 36 
7 aq. K2CO3 (50% 
w/w) PTC14 68 >98 87:13 38 
8 aq. K2CO3 (50% 
w/w) PTC15 68 >98 88:12 36 
9 aq. K2CO3 (50% 
w/w) PTC16 68 >98 89:11 26 
10 aq. K2CO3 (50% 
w/w) PTC28 68 >98 84:16 30 
11 K2CO3 PTC07 68 >98 93:7 40 
12 K2CO3 PTC13 68 >98 93:7 30 
13 K2CO3 PTC14 68 >98 91:9 36 
14 K2CO3 PTC15 68 >98 93:7 30 
15 aq. K2CO3 (50% 
w/w) PTC30d 68 >98 88:12 20 
16 aq. K2CO3 (50% 
w/w) PTC31d 68 >98 89:11 24 
17 aq. K2CO3 (50% 
w/w) PTC32d 68 >98 85:15 15 
18 aq. K2CO3 (50% 
w/w) PTC33d 68 92 89:11 20 
a) Conditions: 1c (0.10 mmol), 2m (0.20 mmol), PTC (0.010 mmol, 10 mol%), toluene (1.0 mL), 
inorganic base (0.50 mmol), stirring, -40 °C, 46-68 h, then plug filtration on silica gel. b) Determined by 
1H NMR spectroscopy on the crude mixture. c) Determined by chiral stationary phase HPLC. d) 5 mol% of 
catalyst loading. 
In summary, despite the many conditions tested, the enantioselections obtained are 
rather low and it seems thus very difficult at this stage to establish an efficient procedure. 
In order to have a chance of success for this reaction, i  would probably be necessary to 
drastically change the type of substrates involved, using for example amides as activating 
groups instead of esters in the isocyanide donor 2, and/or switching to a different 
activation mode for the aldol-cyclisation reaction (e.g. homogeneous chiral Brønsted 
bases). 
Although both approaches are well beyond the scope of this work, we decided to 
transfer anyway the best conditions found on benzaldehyde 1c (toluene (0.10 M)/aqueous 
potassium carbonate 5 equiv., catalyst PTC01 or PTC09, -40 °C) to substrates 1d and 1e. 
This would at least test the correctness of our assumption that the disclosure of an 
efficient aldol-cyclisation reaction on simple aldehydes such as benzaldehyde 1c could 
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be successfully translated to one-pot procedure and domino process with substrates 1d
and 1e.  
Firstly, we sought to determine if the Michael step of the domino reaction was active at 
-40 °C, leading to products 3dj,3ej. Unfortunately this was not the case, since at this
temperature, even if the starting aldehydes were completely converted, a complicated 
mixtures of products mainly containing 3dj,3ej and intermediates D was obtained (Table 
12, top results in each Entry). Therefore, we evaluated the possibility of developing a 
one-pot procedure with substrates 1d and 1e carrying out the aldol-cyclization step at -40 
°C for a sufficient time, and the Michael reaction at room temperature (Table 12, bottom 
results in each Entry). The very preliminary results obtained applying this one-pot 
procedure were not satisfactory, because the enantiomer c excesses of the final products 
3 slightly lowered compared to the reaction with the simpler benzaldehyde 1c (34% ee).  
Table 12: One-pot procedure.a 
O
O
CN CO2Me
N
O
CO2Me
R
O
Catalyst (10 mol%)
aq. K2CO3
(50%w/w, 5 equiv.)
toluene
work up
1d: OMe
1e: Ph 2j
3dj: OMe
3ej: Ph
N
O
CO2Me +R
D
OH
N
H
O
N
Cl R
PTC01: R=H
PTC09: R=OMe
O
R
 
Entry 1 Catalyst T (°C) and t (h) χ (%)b D:3djb drb ee (%)c 
1 1d PTC01 
-40 °C-33 h 
→ r.t.-15h 
>98d 
>98e 
68:32 
<5:95 
- 
74:26 
- 
21 
2 1d PTC09 
-40 °C-33 h 
→ r.t.-15h 
>98d 
>98e 
50:50 
<5:95 
- 
79:21 
- 
21 
3 1e PTC09 
-40 °C-21 h 
→ r.t.-6h 
90d 
>98e 
- 
<5:95 
- 
77:23 
- 
20 
4 1e PTC09 
-40 °C-40 h 
→ r.t.-6h 
>98d 
>98e 
- 
<5:95 
- 
78:22 
- 
15 
a) Conditions: 1d or 1e (0.10 mmol), 2j (0.20 mmol), PTC (0.010 mmol, 10 mol%), toluene (1.0 mL), 
inorganic base (0.50 mmol), stirring, -40 °C, 33 h, then r.t., 6-15 h, then plug filtration on silica gel. b) 
Determined by 1H NMR spectroscopy on the crude mixture. c) Determined by chiral stationary phase 
HPLC. d) Determined on the crude mixture after stirring at -40 °C. e) Determined by 1H NMR 
spectroscopy on the crude mixture after stirring at r.t. for further 6-15 h. 
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However, we eventually found that working at -20 °C for longer reaction time (70 h) 
and using a higher catalyst loading (20 mol%), not only the conversion of the starting 
aldehyde 1d was complete, as expected, but a considerably higher amount of the tricyclic 
product 3dj respect to the uncyclised intermediate D was formed (Scheme 25), compared 
to the reactions performed at -40 °C (Table 12). More importantly, the enantioselectivity 
of the domino product 3dj raised to 39%, i.e. to the same value obtained with 
benzaldehyde 1c. 
 
Scheme 25: Aldol-cyclisation-Michael domino reaction of1d at -20 °C for prolonged reaction times. 
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4. Conclusion 
This work focussed on the synthesis of enantioenriched tetrahydrofuran and tricyclic 
oxazoline derivatives through the use of asymmetric PTC procedures, starting from 
polyfunctionalised substrates (Scheme 26). 
 
Scheme 26: Planned catalytic asymmetric domino reactions on polyfunctionalised substrates. 
In particular, the results achieved in this Thesis can be summarised as follows: 
-A series of active methylene compounds (malonates, malononitrile, 
phenylsulfonylacetate) were found to cleanly undergo tandem SN2-Michael reactions 
with substrates 1a and 1b under standard PTC conditions (TBAB catalyst, carbonate or 
phosphate inorganic bases, toluene as solvent), allowing the isolation of the 
corresponding racemic adducts 3. HPLC conditions assuring detection and separation of 
the two enantiomeric products were found in most caes. 
-Similarly, the domino reactions between few isocyanoacetates 2 and substrates 1d and 
1e were found to be feasible under standard PTC conditi s, delivering the 
corresponding tricyclic oxazolines 3 in good yields and diastereoselectivities. 
-Due to the surprising lack of precedents dealing with catalytic asymmetric aldol-
cyclisation reactions of aldehydes under PTC conditions, a thorough screening of 
catalysts and reaction conditions with the simpler b nzaldehyde 1c was undertaken. 
Unfortunately, this screening furnished only moderate enantioselectivities in the resulting 
products 3, despite the good yields and diastereoselectivities generally observed even at 
low temperatures. 
-After a small adjustment, the best conditions found i  the screening could be 
successfully translated to the preparation of the tricyclic target domino products 3.
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Future work will focus on: 
-A screening of catalysts and reaction conditions in the tandem SN2-Michael reaction 
between active methylene compounds and substrate 1a and 1b, based on the information 
regarding the reactivity of the different methylene compounds obtained during the 
preparation of the racemic compounds. 
-It is instead clear that to achieve good results in the domino aldol-cyclisation-Michael 
reaction with 1d and 1e it is necessary to drastically change the approach used. It can be 
envisioned that employing for example amides as activating groups instead of esters, 
and/or switching to a different activation mode forthe aldol-cyclisation reaction, good 
results in terms of reactivity and enantioselectivity can be finally achieved even in this 
challenging transformation. 
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5. Experimental Section 
5.1. General Methods 
1H, 13C NMR spectra were recorded on a Varian AS 300 or 400 spectrometer. Chemical 
shifts (δ) are reported in ppm relative to residual solvent signals for 1H and 13C NMR (1H 
NMR: 7.26 ppm for CDCl3, 3.30 ppm for CD3OD-d4; 
13C NMR: 77.0 ppm for CDCl3). 
13C NMR spectra were acquired on a broad band decoupled mode. The coupling constant 
(J) was expressed in Hz. 
Mass spectra were recorded on a micromass LCT spectrometer using electrospray 
ionization techniques (ESI). 
The enantiomeric excess (ee) of the products was determined by chiral stationary phase 
HPLC (Daicel Chiralpak AD-H, Daicel Chiralpak AS, Daicel Chiralcel OJ-H or 
Phenomenex Lux 5u Cellulose-1 columns), using a UV detector operating at 254 or 215 
nm. 
5.2. Materials 
Analytical grade solvents and commercially available reagents were used as received, 
unless otherwise stated. 
THF was distilled from Na before use. Pyridine was dried from molecular sieves. 
Chromatographic purifications were performed using 70-230 mesh silica. 
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OTs
OH
5.3. Synthesis of substrate 
5.3.1. 2-Hydroxyethyl 4-methylbenzenesulfonate 21 
Ethylene glycol (6.75 mL, 120 mmol), TsCl (5.7 g, 30 mmol), pyridine (3.36 
mL, 36 mmol) and DMAP (36 mg, 0.30 mmol) were stirred at room temperature 
for 1.5 h. The reaction mixture was then partitioned b tween DCM (20 mL) and HCl 2.0 
M (20 mL). The layers were separated, and the organic phase was dried over MgSO4, 
filtered and concentrated in vacuo to give a colourless oil. Yield 67% (4.4 g, 20.1 mmol). 
 
1H NMR (CDCl3, 400 MHz) δ (ppm): 7.81 (d, 2H, J=8.2), 7.36 (d, 2H, J=8.2), 4.15 (t, 
2H, J=4.5), 3.82 (t, 2H, J=4.5), 2.45 (s, 3H), 2.00 (s, 1H). 
 
5.3.2. (E)-Ethyl 3-(2-(tosyloxy)ethoxy)acrylate 
2-Hydroxyethyl 4-methylbenzenesulfonate (20.1 mmol), ethyl 
propiolate (2.3 mL, 23 mmol), NMM (2.8 mL, 25 mmol) were stirred 
in DCM (20 mL) at room temperature for 3 h. 
HCl 2.0 M (10 mL x 2) was then added, the phases were s parated, and the organic 
layer was dried over MgSO4, filtered and concentrated in vacuo. 
The reaction mixture was purified by silica-gel column chromatography (eluent: 
petroleum ether/ethyl acetate= 1/1) giving the titl compound as a pale-yellow oil. Yield 
62% (3.9 g, 12.4 mmol). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.81 (d, 2H, J=8.2), 7.44 (d, 1H, J=12.6), 7.36 
(d, 2H, J=8.2), 5.12 (d, 1H, J=12.6), 4.28 (m, 2H), 4.16 (q, 2H, J=7.1), 4.01 (m, 2H), 2.45 
(s, 3H), 1.27 (t, 3H, J=7.1). 
OTs
O
CO2Et
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5.3.3. (E)-Ethyl 3-(2-iodoethoxy)acrylate 1a 
(E)-Ethyl 3-(2-(tosyloxy)ethoxy)acrylate (12.4 mmol) and sodium 
iodide (2.25 g, 15 mmol) in acetone (15 mL) were refluxed for 12 h. 
The reaction mixture was then concentrated in vacuo and partitioned 
between DCM (20 mL) and water (20 mL). The organic layer was dried over MgSO4, 
filtered and concentrated in vacuo. 
The reaction mixture was purified by silica-gel column chromatography (eluent: 
petroleum ether/ethyl acetate= 2/1) giving a yellow oil. Yield 57% (1.9 g, 7.0 mmol). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.56 (d, 1H, J=12.6), 5.24 (d, 1H, J=12.6), 4.17 
(q, 2H, J=7.1), 4.11 (t, 2H, J=4.7), 3.33 (t, 2H, J=4.7), 1.27 (t, 3H, J=7.1), ESI-MS: 293 
[M+ Na]+. 
 
5.3.4. Benzyl propiolate 22 
Propiolic acid (1.8 mL, 28.7 mmol), potassium carbonate (4.87 g, 
35.2 mmol) in DMF (40 mL) were stirred at room temperature for 30 
min. Benzyl bromide (3.8 mL, 31.4 mmol) was then added, and the 
mixture stirred at room temperature for 16 h.  
The resulting heterogeneous mixture was poured into water (40 mL) and extracted with 
diethyl ether (3 x 40 mL). 
The combined ether extracts were dried with MgSO4, filtered and concentrated in 
vacuo. The title compound was used without further purifications.  
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.36 (m, 5H), 5.21 (s, 2H), 2.89 (s, 1H). 
I
O
CO2Et
O
O Ph
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5.3.5. (E)-Benzyl 3-(2-(tosyloxy)ethoxy)acrylate 
2-Hydroxyethyl 4-methylbenzenesulfonate (approximately 22 
mmol), benzyl propiolate (20.1 mmol), NMM (2.8 mL, 25 mmol) 
in DCM (20 mL), were stirred at room temperature for 3 h. 
HCl 2.0 M (10 mL x 2) was added to the reaction mixture, the phases were separated, 
the organic layer was dried over MgSO4, filtered and concentrated in vacuo. The crude 
mixture was purified by silica-gel column chromatography (eluent: petroleum ether/ethyl 
acetate= 2/1) giving the title compound as a brown-yellow oil. Yield 60% (4.7 g, 12.1 
mmol). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.79 (d, 2H, J=8.3), 7.47 (d, 1H, J=12.7), 7.35 
(m, 7H), 5.17 (d, 1H, J=12.7), 5.15 (s, 2H), 4.27 (m, 2H), 4.00 (m, 2H), 2.44 (s, 3H). 
 
5.3.6. (E)-Benzyl 3-(2-iodoethoxy)acrylate 1b 
(E)-Benzyl 3-(2-(tosyloxy)ethoxy)acrylate (12.1 mmol) and 
sodium iodide (2.25 g, 15 mmol) in acetone (20 mL) were 
refluxed for 12h. The reaction mixture was then concentrated in 
vacuo and partitioned between DCM (20 mL) and water (20 mL). The organic layer was 
dried with MgSO4, filtered and concentrated in vacuo. 
The reaction mixture was purified by silica-gel column chromatography (eluent: 
petroleum ether/ethyl acetate= 2/1) giving the titl compound as a dark-yellow oil. Yield 
91% (3.8 g, 11.1 mmol). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.60 (d, 1H, J=12.6), 7.35 (m, 5H), 5.28 (d, 1H, 
J=12.6), 5.16 (s, 2H), 4.11 (t, 2H, J=4.8), 3.32 (t, H, J=4.8). 
OTs
O
O
O Ph
I
O O
O
Ph
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5.3.7. (E)-Methyl 3-(2-formylphenyl)acrylate 1d 25 
2-Bromobenzaldehyde (1.2 mL, 10 mmol) was dissolved in 
toluene (20 mL). Pd(OAc)2 (45 mg, 0.20 mmol), P(o-tolyl)3 (122 
mg, 0.20 mmol), methyl acrylate (1.3 mL, 15 mmol) and TEA (4 
mL) were added under N2 atmosphere. The reaction mixture was 
refluxed with stirring for 40 h, then cooled to r.t. and partitioned between DCM (20 mL) 
and water (20 mL). The organic layer was dried with MgSO4, filtered and concentrated in
vacuo. 
The mixture was purified by silica-gel column chromatography (eluent: DCM) giving 
the title compound as a yellow solid. Yield 75% (1.43 g, 7.5 mmol). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 10.29 (s, 1H), 8.53 (d, 1H, J=15.9), 7.87 (m, 1H), 
7.64-7.53 (various m, 3H), 6.37 (d, 1H, J=15.9), 3.83 (s, 3H). 
 
5.3.8. 1-Phenyl-2-(triphenylphosphoranylidene)ethan one 
(2-Oxo-2-phenylethyl)triphenylphosphonium bromide (10.23 g, 23 
mmol), was dissolved in the minimal amount of MeOH. NaOH 2M 
(15 mL, 30 mmol) was then added, with vigorous stirring. After 30 
min, DCM (40 mL) was added and the organic layer separated and washed with water 
(10 mL x 2). The organic layer was dried with MgSO4, filtered and concentrated in 
vacuo. The solid was recrystallised from toluene giving the title compound as a white 
solid in a quantitative yield. 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 8.00-7.33 (various m, 20H), 4.43 (d, 1H, J,P 
=24.6). 
O
O
O
O
P
Ph
Ph
Ph
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5.3.9. (E)-2-(3-Oxo-3-phenylprop-1-en-1-yl)benzaldehyde 1e  
o-Phthalaldehyde (3.1 g, 23 mmol) was dissolved in DCM (46 
mL). The previously prepared ylide (23 mmol) was disolved in 
DCM (46 mL) and added dropwise to the o-phthaldehyde 
solution in 30 min. The reaction mixture was stirred at room 
temperature for 16 h and then purified by filtration through a plug of silica-gel (eluent: -
hexane/ethyl acetate 7/3) giving the title compound as a dark-brown solid. Yield 90% 
(4.9 g, 20.7 mmol). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 10.33 (s, 1H), 8.56 (d, 1H, J=16.0), 8.04 (m, 2H), 
7.90 (d, 1H, J=7.5), 7.75 (d, 1H, J=7.7), 7.70-7.40 (various m, 5H), 7.37 (d, 1H, J=16.0). 
 
5.3.10. 2-(Benzyloxy)-2-oxoethanaminium p-toluenesulfonate 26 
Glycine (0.76 g, 10 mmol), benzyl alcohol (6.5 
mL, 63 mmol), p-toluenesulfonic acid monohydrate 
(2.27 g, 11.9 mmol), were added to a flask under N2 
atmosphere and the mixture was stirred at 100 °C 
for 15 h. After cooling to r.t., diethyl ether (38 mL) was added and the title compound 
precipitated as a white solid. The solid was filtered and washed with diethyl ether. The 
product was dried in vacuo and the conversion of the starting product was checked by 1H 
NMR (71%). As the glycine was still present, the white solid was dissolved in a mixture 
of benzyl alcohol (2.80 mL, 27 mmol) and toluene (21.5 mL). p-Toluenesulfonic acid 
monohydrate (0.19 g, 0.98 mmol) was them added and the reaction mixture was refluxed 
for 5.5 h in a Dean-Stark apparatus. After cooling  r.t., diethyl ether was added and the 
title compound precipitated as a white solid. The solid was filtered, washed with diethyl 
ether and dried in vacuo giving the title compound in a quantitative yield. 
 
1H NMR (CD3OD, 300 MHz) δ (ppm): 7.72-768 (m, 2H), 7.73-7.32 (m, 5H), 7.25-7.20 
(m, 2H), 5.28 (s, 2H), 3.87 (s, 2H), 2.36 (s, 3H). 
O
O
H3N
O
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5.3.11. Benzyl 2-formamidoacetate 26 
2-(Benzyloxy)-2-oxoethanaminium p-toluenesulfonate 
theoretical 10 mmol), methyl formate (7.8 mL, 126 mmol), TEA 
(1.5 mL, 11 mmol) were added in a flack under N2 atmosphere, and the mixture was 
stirred at reflux for 22 h. The reaction was cooled to r.t., and concentrated in vacuo 
giving an oil. 
The oil was dissolved with DCM (20 mL), HCl 0.50 M (24 mL) was then added, the 
phases were separated, the organic layer was washed with a saturated solution of 
NaHCO3, dried with MgSO4, filtered and concentrated in vacuo to give the title 
compound as a yellow oil in a quantitative yield.  
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 8.25 (s, 1H), 7.40-7.34 (m, 5H), 6.15 (br s, 1H), 
5.21 (s, 2H), 4.12 (d, 2H, J=5.4). 
 
5.3.12. Benzyl 2-isocyanoacetate 2l 26 
Under a N2 atmosphere, benzyl 2-formamidoacetate (theoretical 
10 mmol) was dissolved in DCM (15 mL) in a tree neck flask 
equipped with reflux condenser, thermometer. TEA (3.5 mL, 25 
mmol) was added and the mixture was cooled to 2 °C under stirring. POCl3 (1.0 mL, 10 
mmol) was slowly added via syringe in 50 min, while the temperature was maintained 
between 2-3.5 °C. The reaction mixture was stirred for 2 h while the temperature reached 
r.t.. A solution of K2CO3 (2.00 g in 8.9 mL of water) was them slowly added while the 
temperature was maintained below 30 °C. The mixture was stirred for 1 h, and then water 
(15 mL) and DCM (7 mL) were added. The organic layer was separated, dried over 
MgSO4, filtered and concentrated in vacuo to give the title compound as a dark-brown 
oil. 
The oil was purified by silica-gel column chromatography (eluent: DCM) giving the 
title compound as a pale-yellow oil. Overall yield 55% (0.96 g, 5.5 mmol). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.38 (m, 5H), 5.25 (s, 2H), 4.26 (s, 2H). 
H
N
O
O Ph
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5.4. Synthesis of catalyst 
5.4.1. N-(2-(trifluoromethyl)benzene) quininium bromide PTC 1420g 
Quinine (0.6488 g, 2.0 mmol) and 1-(bromomethyl)-2-
(trifluoromethyl)benzene (0.6215 g, 2.6 mmol) were dissolved in 
a mixture of toluene/THF 1/1 (6 mL). The resulting mixture was 
them heated up to 70 °C and stirred for 20 h at the same 
temperature. After cooling to r.t., the obtained precipitate was 
filtered. The solid was washed with a mixture of toluene/THF 2/1 
(10 mL) and with diethyl ether (5 mL) giving the title compound 
as a white solid. 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 8.84 (d, 1H, J=4.7), 8.53 (d, 1H, J=7.7), 8.11 (d, 
1H, J=9.30), 7.90-7.80 (m, 3H), 7.71 (t, 1H, J=7.6), 7,43 (dd, 1H, J=9.2, J=2.5), 7.07 (d, 
1H, J=2.6), 6.94 (d, 1H, J=12.5), 6.78 (d, 1H, J=7.1), 6.62 (d, 1H, J=7.1), 5.60 (ddd, 1H, 
J=17.2, J=10.5, J=6.9), 5.47 (d, 1H, J=12.2), 5.11 (d, 1H, J=10.5), 5.01 (d, 1H, J=17.2), 
4.68 (d, 1H, J=13.0), 3.97 (s, 3H), 3.69-3.61 (m, 1H), 3.38-3.26 (m, 1H), 3.14 (dd, 1H, 
J=12.7, J=10.7), 2.96-2.86 (m, 1H), 2.63-2.52 (m, 2H), 2.39-2.29 (m, 1H), 2.09 (s, 1H), 
1.94-1.81 (m, 1H), 1.55-1.45 (m, 1H). 
 
 
OH
N+
H
O
N
Br-
CF3
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5.4.2. N-Benzylquininium phenoxide PTC29 27 
N-Benzylquininium chloride (45.1 g, 0.10 mmol) and sodium 
phenoxide (13.9 mg, 0.12 mmol) were dissolved in mini al 
quantities of methanol (approximately 6 mL) and stirred for 30 min 
at r.t.. The reaction mixture was concentrated in vacuo, and water (5 
mL) and DCM (5 mL) were added. The organic layer was separated, 
dried over MgSO4, filtered and concentrated in vacuo to give the 
title compound as a white solid. 
 
1H NMR (CD3OD, 300 MHz) δ (ppm): 8.78 (d, 1H, J=4.6), 8.04 (d, 1H, J=9.3), 7.89 (d, 
1H, J=4.6), 7.68-7.52 (m, 6H), 7.40 (d, 1H, J=2.5), 7,17-7.11 (m, 2H), 6.81-6.72 (m, 3H), 
6.62 (br s, 1H), 5.72 (ddd, 1H, J=17.4, J=10.6, J=7.1) , 5.33 (d, 1H, J=12.6), 5.12 (d, 1H, 
J=17.1), 5.04 (d, 1H, J=10.4), 4.70 (d, 1H, J=12.5), 4.43-4.31 (m, 1H), 4.03 (s, 3H), 3-
91-3.83 (m, 1H), 3.54-3.48 (m, 2H), 3.40-3.35 (m, 1H), 2.76-2.66 (m, 1H), 2.43-2.25 (m, 
2H), 2.10-2.05 (m, 1H), 1.94-1.82 (m, 1H), 1.59-1.48 (m, 1H). 
 
OH
N+
H
O
N
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5.5. Synthesis of products 
5.5.1. Dimethyl 2-(2-ethoxy-2-oxoethyl)dihydrofuran -3,3(2H)-
dicarboxylate 3ab 
(E)-Ethyl 3-(2-iodoethoxy)acrylate 1a (27.0 mg, 0.10 mmol) and 
the  phase-transfer catalyst (PTC01, 20 mol%, 9.0 mg), were 
dissolved in toluene (0.20 mL). Dimethyl malonate 2b (28 µL, 0.30 
mmol) and the base (Cs2CO3 5 equiv., 0.163 g) were added and the 
resulting mixture was stirred at r.t. for 48 h. 
The reaction mixture was filtered through a silica-gel plug, concentrated in vacuo, and 
analysed by 1HNMR, to evaluate the conversion (92 %). 
The reaction mixture was purified by silica-gel column chromatography (eluent: 
petroleum ether/ethyl acetate 7/3) giving the titlecompound. 
The ee (14%) of the title compound was determined by HPLC using a Daicel Chiralpak 
AD-H (eluent 2-propanol/n-hexane 10/90, flow 0.75 mL/min, wavelength 215 nm,  r.t.). 
The retention time of two enantiomers were 14.9 and 15.8 min (the retention times may 
change with the temperature). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 4.75 (dd, 1H, J=10.0, J=3.05), 4.17 (q, 2H, 
J=7.10), 4.08 (m, 1H), 3.84 (m, 1H), 3.77 (s, 3H), 3.75 (s, 3H), 2.79-2.64 (m, 2H), 2.46-
2.33 (m, 2H), 1.26 (t, 3H, J=7.10). 
 
O O
O
O
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5.5.2. Methyl 2-(2-ethoxy-2-oxoethyl)-3-
(phenylsulfonyl)tetrahydrofuran-3-carboxylate 3af 
(E)-Ethyl 3-(2-iodoethoxy)acrylate 1a (27.0 mg, 0.10 mmol) and 
the phase-transfer catalyst (PTC01, 20 mol%, 9.0 mg), were 
dissolved in toluene (0.20 mL). Methyl 2-(phenylsulfonyl)acetate 2f 
(49.3 µL, 0.30 mmol) and the base (K2CO3 5 equiv., 0.069 g, or CsF 
5 equiv., 0.076 g) were added and the result mixture was stirred at r.t. for 48 h. 
The reaction mixture was filtered through a silica-gel plug, concentrated in vacuo, and 
analysed by 1HNMR, to evaluate the conversion (24% with K2CO3 and 45% with CsF) 
and the diastereoselection (≥ 98%). 
The reaction mixture was purified by silica-gel column chromatography (eluent: 
petroleum ether/ethyl acetate 7/3) giving the titlecompound. 
The ee (with K2CO3 20%, with CsF 18%) of the title compound was determined by 
HPLC using a Daicel Chiralpak AD-H (eluent 2-propanol/ -hexane 10/90, flow 0.75 
mL/min,  wavelength 215 nm, r.t.. The retention time of two enantiomers were 31.3 and 
33.5 min (the retention times may change with temperature). 
 
1H NMR (CDCl3, 400 MHz) δ (ppm): 7.95 (d, 2H, J=7.25), 7.70 (t, 1H, J=7.60), 7.57 (t, 
2H, J=7.60), 4.88 (dd, 1H, J=9.75, J=2.5), 4.11 (q, 2H, J=7.1), 4.07 (m, 1H), 3.89 (q, 1H, 
J=8.10), 3.71 (s, 3H), 2.86 (t, 2H, J=7.10), 2.50 (dd, 1H, J=15.7, J=2.5), 2.32 (dd, 1H, 
J=15.7, J=9.75), 1.24 (t, 3H, J=7.10). 
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5.5.3.  (4R,5S)-Methyl 5-phenyl-4,5-dihydrooxazole-4-carboxylate 3cj  
Benzaldehyde 1c (10 µL, 0.10 mmol) and the phase-transfer catalyst 
(PTC09 10 mol%, 4.5 mg), were dissolved in toluene (1.0 mL) and 
the reaction mixture was cooled to -40 °C. Methyl-2-isocyanoacetate 
2j (19 µL, 0.20 mmol) and the base (K2CO3 aq 50% 
w/w 0.1382 g or 
89 µL) were added and the reaction mixture was stirred at -40 °C for 66 h. 
The reaction mixture was filtered through a silica-gel plug, concentrated in vacuo, and 
it was analysed by 1HNMR, to evaluate the conversion (>98 %) and the diastereomeric 
ratio (91:9). 
The ee (34%) of the major diastereoisomer was determin d by HPLC using a Daicel 
Chiralcel OJ-H,  (eluent 2-propanol/n-hexane 20/80, flow 0.75 mL/min, wavelength 215 
nm,  r.t.). The retention time of two enantiomers were 20.8 and 38.9 min (the retention 
times may change with the temperature). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.38-7.24 (m, 5H), 7.04 (d, 1H, J=2.10), 5.64 (d, 
1H, J=7.80), 4.58 (dd, 1H, J=7.80, 2.15), 3.78 (s, 3H). 
 
1H NMR frequencies for the characterization of the minor diastereoisomer: 5.68 (d, 1H, 
J=11.0), 5.03 (dd, 1H, J=11.0, J=2.05). 
 
The relative and absolute stereochemistry has been assigned by comparison with 
literature data.28 
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5.5.4. (4R,5S)-Ethyl 5-phenyl-4,5-dihydrooxazole-4-carboxylate 3 ck  
 
Benzaldehyde 1c (10 µL, 0.10 mmol) and the phase transfer 
catalyst (PTC09 10 mol%, 4.5 mg), were dissolved in toluene (1.0 
mL) and the reaction mixture was cooled to -40 °C. Ethyl-2-
isocyanoacetate 2k (22 µL, 0.20 mmol) and the base (K2CO3 aq 50% 
w/w 0.1382 g or 89 
µL) were added and the reaction mixture was stirred at -40 °C for 68 h. 
The reaction mixture was filtered through a silica-gel plug, concentrated in vacuo, and 
it was analysed by 1HNMR, to evaluate the conversion (>98 %) and the diastereomeric 
ratio (89:11). 
The ee (37%) of the major diastereoisomer was determin d by HPLC using a Daicel 
Chiralcel OJ-H,  (eluent 2-propanol/n-hexane 20/80, flow 0.75 mL/min, wavelength 215 
nm,  r.t.). The retention time of two enantiomers were 16.5 and 28.4 min (the retention 
times may change with the temperature). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.44-7.30 (m, 5H), 7.09 (d, 1H, J=2.16), 5.68 (d, 
1H, J=7.80), , 4.61 (dd, 1H, J=7.80, 2.17), 4.29 (q, 2H, J=14.2, J=7.2),1.31 (t, 3H, J=7.2). 
 
1H NMR frequencies for the characterization of the minor diastereoisomer: 5.73 (d, 1H, 
J=11.2), 5.07 (dd, 1H, J=11.2, J=1.95). 
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5.5.5. (4R,5S)-Benzyl 5-phenyl-4,5-dihydrooxazole-4-carboxylate 3cl 
Benzaldehyde 1c (10 µL, 0.10 mmol) and the phase-transfer 
catalyst (PTC09 10 mol%, 4.5 mg), were dissolved in toluene 
(1.0 mL) and the reaction mixture was cooled at -40 °C. Benzyl-
2-isocyanoacetate 2l (35 µL, 0.20 mmol) and the base (K2CO3 aq 50% 
w/w 0.1382 g or 89 
µL) were added and the reaction mixture was stirred at -40 °C for 44 h. 
The reaction mixture was filtered through a silica-gel plug, concentrated in vacuo, and 
it was analysed by 1HNMR, to evaluate the conversion (>98 %) and the diastereomeric 
ratio (90:10%). 
The ee (36%) of the major diastereoisomer was determin d by HPLC using a Daicel 
Chiralpak AD-H, (eluent 2-propanol/n-hexane 10/90, flow 0.75 mL/min, wavelength 215 
nm, r.t.). The retention time of two enantiomers were 21.0 and 27.0 min (the retention 
times may change with the temperature). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.42-7.27 (various m, 10H), 7.10 (d, 1H, 
J=2.10), 5.66 (d, 1H, J=7.80), 5.31 (d, 1H, J=12.2, Ha-CH2), 5.23 (d, 1H, J=12.2, Hb-
CH2), 4.67 (dd, 1H, J=7.80, 2.15). 
 
1H NMR frequencies for the characterization of the minor diastereoisomer: 5.72 (d, 1H, 
J=11.0), 5.12 (dd, 1H, J=11.0, J=2.0). 
 
(S)
O
(R)
N
O
O
Ph
59 
 
5.5.6. (4S,5R)-tert-Butyl 5-phenyl-4,5-dihydrooxazole-4-carboxylate 
3cm  
Benzaldehyde 1c (10 µL, 0.10 mmol) and the phase-transfer 
catalyst (PTC09 10 mol%, 4.5 mg) were dissolved in toluene (1.0 
mL) and the reaction mixture was cooled at -40 °C. tert-Buthyl-2-
isocyanoacetate 2m (29 µL, 0.20 mmol) and the base (K2CO3 0.0691 g) were added and 
the reaction mixture was stirred at -40 °C for 44 h. 
The reaction mixture was filtered through a silica-gel plug, concentrated in vacuo, and 
it was analysed by 1HNMR, to evaluate the conversion (>98 %) and the diastereomeric 
ratio (93:7). 
The ee (36%) of the major diastereoisomer was determin d by HPLC using a Daicel 
Chiralpak AD-H, (eluent 2-propanol/n-hexane 10/90, flow 0.75 mL/min, wavelength 215 
nm, r.t.). The retention time of two enantiomers were 9.2 and 10.7 min (the retention 
times may change with the temperature). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.43-7.28 (m, 5H), 7.08 (d, 1H, J=2.05), 5.61 (d, 
1H, J=7.80), 4.51 (dd, 1H, J=7.80, 2.18), 1.52 (s, 9H). 
 
1H NMR frequencies for the characterization of the minor diastereoisomer: 5.69 (d, 1H, 
J=11.2), 4.94 (dd, 1H, J=11.2, J=2.00). 
 
The relative and absolute stereochemistry has been assigned by comparison with 
literature data.  
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5.5.7. Methyl 4-(2-methoxy-2-oxoethyl)-4,8b-dihydro -3aH-indeno[2,1-
d]oxazole-3a-carboxylate 3dj  
(E)-Methyl 3-(2-formylphenyl)acrylate 1d (19 mg, 0.10 mmol) and 
the phase-transfer catalyst (PTC09 20 mol%, 9.0 mg) were dissolved 
in toluene (1.0 mL), the reaction mixture was cooled at -20 °C. 
Methyl-2-isocyanoacetate 2j (19 µL, 0.20 mmol) and the base (K2CO3 
aq 50% w/w 0.138 g or 89 µL) were added and the reaction mixture was 
stirred at -20 °C for 70 h. The reaction mixture was filtered through a silica-gel plug, 
concentrated in vacuo, and it was analysed by 1HNMR, to evaluate the conversion 
(>98%) and the diastereomeric ratio (96:4). 
The ee (39%) of the major diastereoisomer was determin d by HPLC using a Daicel 
Chiralpak AD-H, (eluent 2-propanol/n-hexane 10/90, flow 0.75 mL/min, wavelength 215 
nm,  r.t.). The retention time of two enantiomers were 29.3 and 43.0 min (the retention 
times may change with the temperature). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.49-7.13 (various m, 4H), 6.92 (s, 1H), 5.99 (s, 
1H), 4.46-4.41 (m, 1H), 3.86 (s, 3H), 3.77 (s, 3H), 2.96 (dd, 1H, J=17.1, J=9.10), 2.80 
(dd, 1H, J=17.1, J=5.90). 
 
1H NMR frequencies for the characterization of minor diastereoisomer: 6.64 (s, 1H), 
6.09 (s, 1H). Retention time of the two enantiomers of the minor diastereoisomer: 35.1 
and 47.4 min 
 
The relative and stereochemistry has been assigned by comparison with 3dk. 
 
1H NMR frequencies for the characterization of the intermediate D: 7.96 (d, 1H, 
J=16.0), 6.65 (d, 1H, J=7.4), 6.36 (d, 1H, J=16.0), 4.57 (dd, 1H, J=7.5, J=2.1), 3.85 (s, 
3H), 3.82 (s, 3H). 
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5.5.8. Ethyl 4-(2-methoxy-2-oxoethyl)-4,8b-dihydro- 3aH-indeno[2,1-
d]oxazole-3a-carboxylate 3dk  
(E)-Methyl 3-(2-formylphenyl)acrylate 1d (19 mg, 0.10 mmol) 
and the homogeneous catalyst (quinine 20 mol%, 6.5 g) were 
dissolved in THF (1.0 mL) Ethyl-2-isocyanoacetate 2k (22 µL, 0.20 
mmol) and the base (K2CO3 aq 50% 
w/w 0.138 g or 89 µL) were 
added and the reaction was stirred at r.t. for 48 h. The reaction 
mixture was filtered through a silica-gel plug, cone trated in vacuo, and it was analysed 
by 1HNMR, to evaluate the conversion (90%). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.31-7.03 (various m, 4H), 6.75 (s, 1H), 5.82 (s, 
1H), 4.31-4.22 (m, 1H), 4.16 (q, 2H, J=7.20), 3.61 (s, 3H), 2.81 (dd, 1H, J=17.2, J=8.75), 
2.63 (dd, 1H, J=17.1, J=5.90),1.18 (t, 3H, J=7.25). 
 
1H NMR frequencies for the characterization of the minor diastereisomer: 6.67 (s, 1H), 
6.13 (s, 1H). 
 
The relative and stereochemistry has been assigned by comparison with literature 
data.19 
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5.5.9. Methyl 4-(2-oxo-2-phenylethyl)-4,8b-dihydro- 3aH-indeno[2,1-
d]oxazole-3a-carboxylate 3ej 
 
(E)-Methyl 3-(2-formylphenyl)acrylate 1e (24 mg, 0.10 mmol) and 
phase-transfer catalyst (PTC09 10 mol%, 4.5 g) were dissolved in 
toluene (1.0 mL), the reaction mixture was cooled at -40 °C. Methyl-
2-isocyanoacetate 2j (19 µL, 0.20 mmol) and the base (K2CO3 aq 
50% w/w 0.138 g or 89 µL) were added and the reaction mixture were 
stirred at -20 °C for 21 h. Then, the temperature was left to rise to r.t. 
while the reaction mixture was stirred for 6 h. The reaction mixture was filtered through 
a silica-gel plug, concentrated in vacuo, and it was analysed by 1HNMR, to evaluate the 
conversion (100%) and the diastereoselection ratio (77:23). 
The ee (20%) of the major diastereoisomer was determin d by HPLC using a Daicel 
Chiralcel OJ-H, (eluent 2-propanol/n-hexane 10/90, flow 0.75 mL/min, wavelength 215 
nm, r.t.). The retention time of two enantiomers was 42.2 and 61.0 min (the retention 
times may change with the temperature). 
 
1H NMR (CDCl3, 300 MHz) δ (ppm): 7.60-7.14 (various m, 9H), 6.88 (s, 1H), 6.05 (s, 
1H), 4.69-4.63 (m, 1H), 3.86 (s, 3H), 3.73 (dd, 1H, J=18.3, J=7.70), 3.39 (dd, 1H, J=18.3, 
J=5.90). 
 
1H NMR frequencies for the characterization of minor diastereisomers: 6.85 (s, 1H), 
6.35 (s, 1H). 
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6. MSDS 
6.1. Benzaldehyde 
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6.2. Methyl isocynoacetate 
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6.3. N-Benzylquininum chloride 
 
 
 
 
 
77 
 
 
 
 
 
 
 
78 
 
 
 
 
 
 
 
79 
 
 
 
 
 
80 
 
6.4. Toluene 
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